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1   , ,j Jfcrfcyp® Doubling In C2H2 and HCN 

££" To A„ Wiggins, Jo N.,  Shearer, E„  It, ShuiTand Do EL  Rank 
Physics Department,, *he Pennsylvania State College 

("-"T* State «oll*»ge,  Pennsylvania 

'' ^s Abst-rs st- 

***"»> A high retioiiKion infrared grating spectrometer has been used to 

ijr/estigate J?«type doubling of ansrfj levels of the linear raolesulei? 

0,,j-,o and HCKo     ^soS vin/t power of lii5«ClX) was obtained at LlOO ?i* 

which, permitted th-3 resolution of the Q branch of w-j  •• wi (Z+-n„)of 

G T1? to J* » 6      'fee -'ifle.-e's-s  notwsen  the B'  - B" value determined from 

the 3 branch and wife same quantity obtainad from the P and H branches 

ui   tiu.3 baud yiajdij a Vitluw of q  * a072 s 10      cm    0 

The doublet st.ructare  in the diffai-snce barri 0iAO-*01~2 (n—*TI) 

of HCN has  been re-s^lveri fc r J'!"/v-i ix. the R branch and Js3.i0 In the 

P branch-.     Tai.n tir-pti band is treated as two banci!* an th slightly 

iif f ar^nc- molsfruji-.r ccnatantoc.     Valuation of rotational constants showa 

ths.t different a v.sJuos are cbtai:.e<: for  tha + and - components of 

these ;i states.     r~hr difference in frequency between lines of equal J" 

in the 000—-£OC2 a ad Cl''fW)ri2 bands iu shown to be a quadratic 

:*t.-i2tion of J*„     cne value obtained for q* was IjflBx 1C"J ea    a 

rv^ 

'•this research was assisted by support from Contract N6onr-269 Task V 
of the  U. 5.   Office of Maval Research, 

•!-        „ 
Present address-.    T.dade Air Products Gon,  Toa&warada Laboratory., 
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Introduction 

The change in the £ values waused by.j^-typw Uo-ubllng in linear 
X 

molecules has been cbaerved and described by Hersbargo 

1. Go Hersberg, Rmr0 Kod0 Phye. ~±ka 219 (39«£>. 

Making use of high jres-jiKVLon and precise saeUiuua of aChsurlxtg 

i*ave JLengtn rscsntxy ueyaxupou 4-n UIU.3 xa&ut«wij    I>J ii«i cass.- •.'•u^xs.ue 

2,    Dc  H, Rank, £.-, P.    Shull,  Ju K„  Bennett and T^ A0 Wiggins,   (In Press)> 

to investigatej£-doubling in linesir molecules in more detail<>    It will be 

shown that some of the assumptions usually made in the analysis of 

n-*« bands are not justified and that more constants are required to 

give an adequate description of these bands0 

The spectromster has been described completely elsewhere,?      It is 

sufficient to state that an sight inch 15-000 linae/inch Bausch and lea* 

plane transfer grating was used dcuble«passed with ten meter optics,-    The 

signal from the Eastman FbS detector was fed into a Baird phase-sensitive 

amplifiero    Uniform scanning of the spectrum was accomplished making use 

of a sliding wedge prism arrangemente    The precision of relative f: 

qusney measurement of the line sin the P and R branches of the iilOO era" 

band of CjRn and the *hots band lines of HCN at 6500 CM"
3
' is *C«,0Q5 cm 

The precision cbtainsd in aeasorement of the lines of tfce Q branch of 

vx*v^ of GJ^ and lines of the 002 band of HCN was conridsrably hi:' t -• 

-1 
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Resolution of lU5t000 was obtained in tha case of the Q branch of 

the GoHo band.     theoretical resolution with the slit widths used was 

175,COO„    "Ae absorption tube had a length of 320 sm~    It i*as necessary 

to reduce the pressure in tha fa»e of the acetylene band to 1-3 mm of rift 

V- ach'ev* m^ .•'asm r'-sototion.    r2t& res&lt&iiaa obtained with the HCN 

-•i^ r- *s •a<)tse*th».t lewer silica it was necessarv to v.v a px^ssu*-:- 

•';'••" ••  -:••-'-•• p^Rjr"*>le ro d*;¥«loy the   ""-;/" 1 rn»* -«ith «','ffieion 

rLco'iy lens 

i5ie perpendicular band v-,  • v^ (X_ «$-n J of acetylene at JiQ92 cm 

Vis been measured to 3how tha diffsrencs bstween the B?   values obtained 

f  :M the Q branch compared to thit obtained from the P and R branchss0 

1 
-•is effect of doubling has been observed and explained by werisberj; ^ 

He hag shown that due to tha selection rules the n    levels of the 

upper vibrational state are involved la the Q branch transitions while 

the n* level? are i»«?lved in the production of the l' and R branches. 

With the resolution available it has been possible to resolve the Q 

branch «»o that a value for BJ^-B^ can ba found, where B^ uenoNas the 

con*''*"it for the n" levels of the upper state*    The Q branch of this 

p.siiDendicular band is shown in Figure 1,     Intensity alternation is 

shown with the anti-symmetric levels  (odd values of Jw) having the greater 

w*>ight„    Resolution to JB • ois shown.    It would require theoretical 

r«s*Iving power to resolve the J" «• 5 line0 

If we neglect the effect of the D correction tarns,5 we can write 

the expression representing the frequencies of the Q branch as follows: 

v a v      - Bi  *{B'  - B{,)J(J+L) J^O (1) 



* 

A plot of the measured frequencies In this branch versus J(J+1) i.s ?jhown 

in Figure 2«    Since ths plot of this experimental data shows no trace 

of curvature it CJL;. be seen that the assumption regarding D is astpl/ 

justified.      ha deflations from lihe least squares fit of tb-s data are 

shown in the tipper portion of Fi£W« 2o    the average deflation was 

found to be io.,002 CBT-% 

If we make the assumption that D^D'HD, the expression for the 

trz.+Xi-ftf'.Xsr:. of f»he linesof the ? and it branches of this band br<comes$ 

tJ - v04s -  (Bi * B) 4  (3? * B" - 2D)sa •*  (B*. - 3" * 2£)s2 - <i2m3 (2) 

where n • J • 1 for the R branch and -J for the P branch,, 

The frequencies of eight lines out tc J" • 17 in the P and R branches 

of this band wars raeaswed making use of th*s ascend order 1<,22JA Fabry« 

Perot white line fringes as wave langth standards«    The measured linas 

were fitted to Equation 2 by least sc.uaret!*    The average deviation rfas 

-Go 003 cm    o    We have obtained t ae following molacular constants for 

this band expressed in cm    i 

B" « 1,17658 v + " hQ92°Jh 
B« * ld6952 YZ   - liQ92.'Jj     , 
B- - 1,1?h2h •                                 q     * h*72 x 10"J 

D    « 1,0 I 10 * 

These constants can be compared with previous work on acetylene, 

3 -1 U Heraberg    quotes a value of BM • 10176°2 cm    0    Bell and Nielsen 

3o    Go Herzberg, Ijufrzred and Raaan Spectra  (D» 7an Kostrand Go„9 19h5)p39&< 

ho    E. JS. Ben aad H. H. Nielsen. J. ^hem0 Phys, 18, 1382 (1050)0 

obtained a value of BJ. - B" • »0>OQ78 eompa^d with ~0o00?06 cm"1 

obtained in the present investigat ion0 



(5) 

Hydrogen Oyaaide 

1    1 
The difference band 01 0 •* 01 2 (n • «) associated with the 000 •* 002 

band of HGN has been observed under sufficient resolution to resolve the 

/-doublets in the R branch for JBi-6 and in the ? branch for .F-^lOo 2he 

lines of the 000 •* 002 band of HCN have been measured re-jsntly in this 

laboratory by Yost* with a precision comparable to that obtainable in the 

5» S, L. Yost, Mo 3. Ihesisj Ths Pennsylvania Stats College, June, 1953 

photographic infrared. *he work of Yost showed that no rotational perturba- 

tions appeared in this band* B" has recently been investigated with high 

precision., 
6 7 

6. D. H. Sank, R. P. Ruth and K„ L. Vander siuis, J. Opt. Soc. Am. U2, 
693 (1952). 

7. A. E. Douglas and D„ Sharsaa, J. Chem. Phys. 21, hhB  (1?53). 

2 
We have Measured 20 lines in the 002 band by the Method of Exact Orders. 

These lines are listed in Table I and are rarked with an asterisk,,    There is 

eti.il probably a small systematic error in these rasasuremonts womewhat less 
-1 

than 0.03.0 cm     across the complete P branch.    We shall as SUIT© the .-icrow&va 

B" to bo 1.1*7823 em"   and B» to be 1*15691 cm" , which at the present tiise 

are the most probable values of these constants.    The remaining line? of the 

002 band listed in fable I have been obtained by interpolation between 

rss&sured linns-    The frequencies of the lines of the 002 band thus determined 

asre used as standards for measurement of the JI - n band lines.    Aie results 

of these measurements are compiled in Table I„ 
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Determination of 21 

On the oasis o? JJm theory presented by Douglas and Shanea    the 

frequency separation of the X-doublets in a n *. n bar*d is given by? 

ov = q«(a2* a - 1) - q-*(m2 - m - 1) (3) 

where a • -J for the P branch and J + 1 far the R branch, q* * B^ - B| 

jiid q" * BJJ - BJJ*    K?king use of the direct ajeasuramtx.i - T •*'  - ? «7 *x 10*    cm" 

vy ShulBB*n. ajud Tosmas    by micro*lave methods, the *!      <    '-.-«*     • i-t'     -   h 

Rc  G.  <-:,.   ..-•"-   i- -   ;<,  H«   '•'•'.'»it_.-      w 'a.     '..r-   ('?_,  iiS'J   *I>50),- 

side of Equation 3 can be calculated for each doubleI. In Figure 3 we have 

2 2 plofteri Av + qM(m - m -1) vs5 (m + m - 1).  The least squares traatwant of this 

data yielded q1 • 7.76x10*' cm . It was found necessary in making the plots 

in Figure 3 to consider tha doublet separation to be negative in the P branch 

and positive in the R branch so that both '-"'ots would have tha proper inter- 

cepts and equal slopes. 

An alternate method of analysis of tha ^-doublets is possible whieh 

should yield much more reliable values of q1 - q- than the above treatment,, 

However, this second method does not giv« as precise an absolute value of 

v' 9  q's as is obtainable from the microwave measurements. We can express tha 

separation of the ^-doublets to sufficient approximation by 

Av - (q' - a88}*/ • (q« + q*)m (h) 

A plot of the data using Equation h is given in Figure lu The absolute 

value cf q is determined by the absolute value of the doublet separations 

which can be subject to systematic error when close line pairs are involved„ 

We have put the data to least squares using only the conf>letely resolved 
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mm -1 -3 doublets, i,«o Av>.17 era    s    From this analysis we obtain q" • 7.59x10 

-3 and q' • 7o80x10    ,    Even though the absolute value of qM does not agree 

exactly with the s&crowave qB we believe q! - qM is much more accurate than 

the value obtained from the use of Equation 3»    From q; - qS! determined 

3      -»1 from Equation k the Host probable value of q' is 7*68 x 10     cm   e 

"'&& absence of ir vtsBsit^ ^Itaiiiation in the doublets such as would 

occur in a syianet-rie molecule prevents a wiique assignment of the lines 

of the dtablets to u given saergy isvsio    However, on the basis of the 

required signs for the doublet separations noted above,  it is concluded 

that  the higher fr&quency component of the R branch is associated with 

the same energy le^ei. as the lower frequency component of the P branch 

and vice versa.    To show this^ an energy level diagram was constructed 

similar to the one shown by Herzbarg    for a si •» n band?    The result is the 

9.    See reference 3, p. JQ9» 

10 J 1 
same as shown by Herzberg     for   "n *    n bands of diatomic molecules, 

10c    G* Keraberg, Spectra of Diatomic Molecules. 2nd Edition (D= '/an 
Nostrand Co., Hew~Yoric- 1#53) p„ '26?. 

This result differs from the diagram lor linear molecules only in the order 

of th«> doublet components in the P branch,    It is concluded that the nT 

(lower energy) levels are associated with the higher frequency doublet 

component in the P branch and the lower fi«quency component in the P. 

oranchj    the s"  (higher energy) levels with uhe lower frequency doublet 

component in the P branch and the higher frequency component in the R 

brancho 
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Since as w&s noted ebov® the energy levels are double in n  states^ 

we actually have t«o sets of rotational constants and effectively a n •» n 

band is two bands which are almost identical, Wa shall call one of these 

bauds H* and the other n"» If we assume D» • Dw for these hot bands; t i.y 

frequencies of the'band lines can be expressed by the following eq«iati<wi» 

(BL " *& *  (Bh * Bh * *4DK)n * (Bn " K)m2 - ^h®3   (5> *h " voh 

A, fit of the band linos by means of least squares was performed, "Rie fit 

gave an average deviation of - OoOO? cm* • 

7 
Douglas and Shanaa have pointed out that it should be possible to 

determine a0  from the difference in frequency cf "hot" and "r.nld" »»arjd 

lines (average frequency of X-doublets) of th« same J0 The attempt of 

these authors to evaluate a0 in this manner from the 003 band and its c 

accompanying "hot" band was unsuccessful and perplexing,,    We have made 

an attempt to perf crsi the same typo of analysis as Douglas and Sh&rit-a on 

the 002 band and its accoajparying not band with even more perplexing 

results.    Since our relative frequency measure?nent8 were considerably irare 

accurate than those mad& in the photographic infrared,  our scatter of poinia 

was much smaller than that obtained by Douglas and Sharraa„    The plot of 

the difference between the frequencies of the "cold" lines and the averagt* 

frequency of the appropriate doublets versus a yielded a smooth curve jr^taad 

of the atrftight line predicted by first order theory„ 

The difference bst^eea tne frequencies for the saiuw value of J in 

the "hot" and "cold11 bands can be shown to bet 

ve " vh B voc " voh * % " *h * <a'+a")a * («'  - a"JIB*        (6) 

the quantities vc - v.   are plotted versus m in figure 5 for the + and - 

hot banCs and also for the average of the + and - bandsD 
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The stoleeialar constants for the n   and w.   bands have been determined 

pplying toast squares methods to the data using Equation $ and Eq fctit , 6S 

In addition, the conventional ApFn method was used for the «* and n" b*ads 

and also for the average of the two bands.    Tha results are summarized ix. 

Table 2„    The fifth figure beyond the decimal point has little significance 

and is carried as en inferior number.    The agreement with the results 

7 1 
obtained by Douglas and Sbarraa    for the 01 0 state average iss excel3.er.t„ 

It should bo pointed out that our analysis shows unequivocally that c.he 

n    and n    states yield G_ valuss of a completely different order of 
1 

nsagnitude.    It also appeal's that the a,   value for the 01 2 state is 

slightly larger than that for the Cl 0 state*, 

tfa are indebted t_» Dr. Au K   liouglas of the National Research Council 

at Ottawa lor poiating out a ays"»3maoi:- erroi' in our firs . measurements 

of this band and. supplying us wi/ch his extensxva A?F" values obtained 

from numerous "hot" bands in the photographic fuifrired.    Wa are also 

t.rateful to Jean Mf  Bennett for perfcrjidng a large part -3f tha Je&st 

squares calculations b 
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Tsble I.    Frequencies in vacuum wave numbers in two bands of HCN 

v„ A** 

I 

1 1 v 
(000 * 002) iOi 0 - 01 2) 

't* 

26 61*29.277* 
M 

*-. 
22* 37.208* - » m 

23 1*1.116* - . « 
21 i*8„8Q7* » «B . 
20 52.593 62*13.691 62*13.910 -0c 212 

56.338* 17,1*22 17,632 \z& 
18 60,01*6* .. - a 

17 63.712 2i*.79J 22*. 982 191 
16 67.3'i5* 28.LD9 28,592* 1A< 

15 70. .918 31,986 32,156 1170 
Hi !koh$9* 35.529 35.679 .ISO 
1 ? 77.958 390031 39.183 .152 
12 81.1*15* 2*2.1*89 1*2.615 1 rtX, 

11 Sit. 832 1*5.922 46,029 .107 
10 138,207 1*9.291* U9.399 .105. 

8 9iic832 62*55. 972 - 
•» 98,082 55, 221 • 
6 6501,290 62, 1»11J • 
5 02*.2*57 65*586 •» 
1* 07.582 68 ,716 * 

• 1 16.702** = - 

Q 19o661 80, 771 „ 

2 25.14*7 ^6 ,62*0 
3 28,277 89.U72 Ml 

1* 31.061* 92 .269 « 
f 39.170 ypuu. (*?p 6500.366 +0.069 
8 1*1.78? 030 085 02.972* .111 
9 2*1*. 362 05.681 05.52*9 .132 

10 nft  fft? 08.107 .156 
11 1*9.382* - - - 
12 51.828 13.25ii 13.050 0 £0it 
13 5l*.229* 1 £   A7r. -, r*   1 r".< .223 
12* 56.586 18.066 17.815 .251 
15 59.001* 20.1*13 20.137 .276 
17 63.1*00* 22*. 977 22*o 668 .309 
lu 65*585* 27.193 26.82*6 .32*7 
19 67.726 290359 28.997 .362 
20 69.821** - - - 
22 73*891* 35,631 35.195 J..Y. 
23 ^5.859* - - »» 
25 79.662** - - «, 
27 83.301* - - - 

« lieaaured frequencies„ The other frequencies in this band are 
cuiiiputedo 
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Tabla II.    Rotational constants of 01*0 * 01*2 bands i„ vacuum wave nun**^ 

determined fcgr differs*,, methods,, 

a   Band 

nstant V" sqnc (5 
B" 1.1*7870 Lit? 868 B* - loli570e a* ~<\ 00057 -0.0005*7 
a" .,. -o„oooii5 vo - 61*80,807 

Eqn„   (6) 

^0 00025 
-Oo00006 
6U80,809 

n    Band 

a- 
a" 

loli85is> 

-0»00696 

1.1*8503 

-C00680 
-0«00753 
61*80,, 810 

-Oo00691 
-0„0G7!i6 
6it80«806 

Be 

a" 

doublet Ararat 

I.ii8l9!i 

-Oc, 00372. 

3cii0xl6 
-6 

lo 1+8185 
1.1^116 

=0.00363 
•o„oak25 

-0.00333 
-0,00376 

Q(l) calc< 
Q(l) obso 

6J40O0 76/ 
61i80o771 
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Caption for Figures 

Figure lo    Aw Q branch of G0H, at- iiQ?2 eia    .    Bie line Ja - 6 

is resolved showing resolution of lit5»000n 

Fi. ure 2„    Plot of frequencies in the H branch of C?H   versus J(J+1)0 

lhe upper plot shows the deviations between the measured 

frequencies and a 'east squares fito 

Figure 3o    Splittings in the P mt. ft branches of the n -*> n band of 

HCN at. oUSi era    ,.    lhe frequency difference between tha 

doublets is added   ;o t .e quantity qM(m -* m - 1) ;mc tha 

sura plotted versus   (n' + ai - lj„     lhe separation in the P 

branch :if? taken to be negative, a.i the P branch tc '::>.. 

positivs.-, 

Figure ho    Plot of tha douolet separation Av/a versus m for the .lim-j 

1 1 
of the Cl 0 * 01 2 band of HGN,»     'lhe points indicated by 

X were not used in the determination of qw 

Figure So    The d if forsnee between frequencies in the 000 ^ 002 band 

1 1 
and the 01 0 •> 0.1 2 band of HC?f are plotted versus m. 



• 

/   'V 
\rt h 

"\Ai\P 
VV Aft 

v   . 

o=        6 
T-i—i—r 

I© 

if   i   I /  i 

T !—T 

i4 
-r——i        i 
if) 

F i \s ,     s 

LEAST  MARES FIT 

600 800 
JIJ+I! 

Pi S.   2 

... . . •      .. : 



• 

is 

I 
m i 
I i 
I   ! 
fc- i 
1 
I    1 
t   i 
1  i 
mm  i 

S 
3 OOOr 

2 000 

/ 

/ 

A /               / 

/ ,0 .vX 

^ ,, 0       „> 

0^ 

c 

(cm-4) P 

y / 

„/ 3000 

000 

i 000 

- i 

FIG.    3 

20        24 

•   -•<• ft -• • -•.-.>,.    w -laaaftss..?  ./ • 



ft 

to I 
;2r^: 

'I    1 

E 
o 

i    °* 

U.1 r-,/ 

V 
3 

0 

Q
p 

/ 

rf 

,© 
.© 

0' 

fa      •        o a 
0/       LJ/    0 / 

,©    Ef 

s (v 
/ 

,© 

CO «£> 

O 

ic 

c\i 

CO 

£E 

i 

00 

i 

i 

O 
rvi 

i 

CO 

t 

f.  i 
'I- I 
1 i 

* 



cvCl 
UJ 

O   

t—3  \^fjt 

Abstract 

Tfc j infrared apectruK of C.O. has been studied in the Taper phase 

from 2,2 to 2ty with a Perkis-Elswr dcuble-pasa spectresetar- and the 

Baaan spectrum has bsaa photographed In the liquid phase.   4 cosparioce 

of the Hainan with the infrared spectrum shows definitely that ths aoleeul^ 

has a center of symmetry as is required, for the linear striae tore eomson^y 

assumed.    However, the infrared spectrum can not be explained c& the 

assumption of a linear model; the env^lopea of tl» principal absorption 

bands as well as those of ths weaker combination bands ha?e the wrong 

shapeo   It appears rather that the oxygen atoms are bent out of line with 

the carbons in a plane aig-eag configuration.    Frew the rotational structure 

of one of the combination bands the O-C-C angle is computed to be 

approximately 158 B 

M 

••*, 



m THS ""KFPJlftED AND RAMAN SPBCm OP CAR80H SUaOZUjg* 

H.    Be    Rlx 

The Pennsylvania State University 
State uoiiagt, Pa,» 

Xatere&retisa 

the eerbesz suboodde molecule has coamoaly been assraed to hare a linear 

syEs»tH.e structure,*   the two c*ygen atose lying at either end of the chala 
2 3 of three eerbons.   Results of earlier Rssan   and infrared   stud5»a ox to* 

solscuis were net inconsistent with this asswBption, which Appeared to be 

supported aleo by the electrom diffraction evidence0     Tins previous RsiaaB 

work was carried out under far fross opttassa conditions) also the iaafi-red 

absorption was obtained with the use of only a EBr prism for the entire 

r*»ige investigated, fro» 500 to 1*500 ea   .    Hence it was considered advisable 

to repeat these esperissnt* with the superior spectroscopio equipj^^t that 

I has been developed since the original work was doss*    The data obtained la 

\ the present investigation are not entirely consistent with the lirssar u»del 

hitherto aostsasd for C^0o* it now appears that the oxygen a tests on the aver- 

age are bent out cf lias with the three carbon atoms but in such a fashion 
i 

as to preserve a center of syawstrye    In mere recent electron diffraction work,* 

reportsd after the present study was begun, the authors fsvor a linear 

Bodel but adsit the possibility of a non-linear one* 

Eaqperissntal 

Carbon suboxsde »*s pr^parsd by the pyrolysis of diacetyl tartaris 

anhydride at low pressure in a system stellar to that used by Kobe and 

S3* | 

a 

this research was assisted by support from the U.S. Offias of Naval 
research, Contract *"6onr-269 Task F„ 



: 

"  2 - 

""" 6 
Reverse©*      Vapors from the pot containing the anhydride, which was main- 

tained at a temperature of 150° G, passed through a lit mm quarts tube 

enclosed in a cylindrical furnace at a temperature of 700° 0,   A aeries 

of liquid air traps was used to separate the various products of the 

reaction* the C,0_ being vacuum distilled before romoval from the system. 

The Raman spectrum was taken in a, priest speetrogxaph   with a die- 

5©raisa a£ 19 A/am at I4600 Aj the sample tube was of about 12 ml capacity o 

an exposure iine of eight hourss    Polarisation measurements w«r« made 
8 

on this sample by the method of polarised incident light*      Later a new 

sample was prepared and the experiment repeated with an exposure ti*» 

cf eleven hours at a temperature of -70° Go    OB each occasion the 

sample was vacuum distilled into the Raman tube» 

Preliminary infrared measurements were made with a Perkin-SiBer 

Model 12-G spectrometer using NaQl and RBr prisms*   An 8 em pyres cell 

with AgGl windows was employed after it was discovered that the vapor 

\ polymerized in a metal cell, yielding spurious absorption bands„    Subse- 

quently the infrared spectrum was remeasured with the Perkln-Elmer double- 

pass spectrometer, a LiF prism being used for the region above 2000 cm" 0 

Several attempts were made to obtain the photographic infrared spectrum 

of G,02, isi particular the eombin&tioa of the second overtone of the strong 

infrared active fundamental at 225>S cm'   with the R&ssan active fundamental 
-1 at 2190 cm    o    No spectrum was found with ija path at a vapor pressure 

of about 60 cm, the dispersing element of the speetrograph being a 21-i'cot 

concave gratingo   A 2 ra tube of the J.U„ White type was constructed which 

made possible a path up to about Jk a.    Utilising a $ m concave grating 

IggjBBBSMBlMJKglMWBBWBSligg^^ 
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a few weak Unas representing the hum in question were photographed and 

measured with third-order iron standards,    also photographs were taken with 

a Bausch and Lamb transfer plane grating and a 16-foot camera.    With a vapor 

pressure as high as 71 cm on the silvered surfaces of the Multiply reflec- 

ting mirrors were rendered useless in an hour's time by the action of 

the G,0«s   Whan the vapor pressure was reduced to 5>0 cm, the freshly 

silvered surfaces deteriorated more slowly, but at such a rate as to raako 

it impossible to obtain satisfactory aspownres.   With a much ®BW11«;* vapop 

pressure, the resulting weaker absorption also yielded unsatisfactory 

platiCIDa 

Observed Spectrum 
„, ;? 
*he original Sast^n spsctruo of &./}   cbtsissd by Easier a.id RenirsiJiscU 

-V    a. 

showed five certain and four doubtful lines.    Ihe first Raman apeetret 

1 photcgnqphed in this investigation with m o far exposure included 13 lines 

of which f Jve or six could be called certain.    Hcwever, when the experiment 

%*3 repeated with a BW e^opi**, an exposure of 11 hours yielded only four 

lines, one of which is apparently an overtone of one of the others.    The 

»a^an sswjrsasnts ais presented in Table I.    Three of the Mms observed 

in the 6 hour exposure can be identified as due to methyl acetylene, which 

is known to exist in the sasple (as well as acetylene) from the photographic 

infrared plutes*    Of th« four lines obtained on both piates, the o.sa s.t 
-1 -1 57? era     is d^solarissd, the others bajjs^, polarised.    The line at 82S cm 

is very bread ar*d comparstivsly diffuse. 

The infjared spectrum reported here is in substantial agreement with 

m that of Lord and Wright'  as to the nunfcer and positions of the bands, 

allowance being aada for the difference in precision of measurement possible 

with the two spectrometers.    However, with the superior resolving posrer of 

j     uL- Ill •• I- ••''• " •  "   ' ~ ••*»---*•*-*-• ,—-:--._•. - 
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the Perkin-Klmer double-pass instrument, one can now distinguish the band 

envelopes much sore clearly. A trace of the infrared spectrum in Fig, 1 

cihows that the prevailing b«nd type for carbon suboxide with the resolution 

available consists of a strong centra?. Hasinas* The principal exceptions 

to this in the NaCl region include a band of medium intensity at 1122.5 en 

with P-Q-R structure, and at slightly lower frequency a series of peaks of 

varying intensity and separation. In the MF region are found bands with 

a central minimum at 2154.5 and 2386 ess  su/gaating P-R structure and 

another at 3335 cm" with a very weak central raaxisius between such stronger 

sids branches. The most informative band envelops in this region is that 

-1 
at 2386 cm  in which two strong maxim are accompanied on the short wave- 

length sias b; a set of weak maxima of fairly regular separation. (Ttm 

absence of these maxima on  fee long wavelength side of the 2386 cm""*' band 

may be ascribed to the overlapping of this region by atmospheric C02 and 

-1 -1 
by the very strong fundamental band at 2258 cm .) Tta band at \&h$ cm 

is possibly also of this type, the resolution of the spectrometer not 

being great enough to separate the weak maxima. In fable II are given 

the measurements of the infrared bands along with those of Lord and Wrighto 

Discussion of the Spectrum 

9 
Heraberg has discussed three possible models for carbon suboxide; 

(I) 0&G=-C=-C=0, (II) 0^C—C-srC *
P

3    (HI) ^    ^ belonging 

to the pcint groups Bcoh, C^, and Q2rs  respectively, and attempted vibra- 

tional assignments for Models I and III, his assignments for I differing 

in part from those of Lord and Wrighto For aodele I and II, which have a 

center of symmetry, only three of the fundamentals are Raman active, while 

for model lit all aiae fundamentals are Banian active and eight are infrared 

active as well,, From the Ram*m ^pactjruia sloes, which can beat be analysed 

SB 
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me consisting of three fundamental? and one overtone, it would appear that 

model EEI can be eliminated as a feasible structure for carbon suboxlde, 

%ie canclasion is strengthened by a cenpar isen or the Raman and infrared 

epso&ra, for it turns out that there are r o coincidences fcstween them*   A 

further reason for believing tttMt ii.e molecule has a center o£ symmetry is 

that there are no first overtones of the infrared fundamentals although 

the band at 1666 *m~   CJI b« reasonably interpreted as a second overtones 

Likewise there are no &insxy ccrabinations of infrared fundamentals but 

numerous binary combinations of Infrared and Raman active vibrations* 

It is not possible to choose between models I and XI on the basis of 

the Saman spectrum.   For the linear model the Raman lines at 2190 and 828 cm 

would be assigned to the two symmetric stretching modes of species Z , whlie 
t£ 

for the bent node! II these lines would be of species A .    The line at 577 csT'L 

should be due to the banding mode «   for the linear model and A   for the 
8 g 

sig-sag one.    "Hie polarisation data (see SSbie 1} might seem to fcvor model I 

for which this last toman line should be depolarized, whereas all three 

lines should be polarised for model II*    However, since for a totally 

syaastrlw vibration H*9 degree of depolarization may vary be ween 0 and 6/7, 

Bodel II cannot be called inconsistent with the Sanari spectrum.    There regains 

to ce.asider the evidence provided by the envelopes of the ta£rsz&i bands. 

Assuming the linear model there are four infrared active fundamentals t 

two of which should be represented by parallel bands with a separation of 

H about 11 Bit    between the p and R branches, and $wo "s^ perpendicular bands 

i IS        ;  } with ?, Qi end R fcranciasSo    The most probable assignments for these would be 

1 ||        W the strcssg hm&s at 22>8 and IS70 cm""   for the two stretching vibrations (of 

mi        ^ species Sj.) end thoae st 635 snd SSI ca"" for the bending vibrations (IL)<, 

V 

MiMBWBttWHjMiBaiaaa^ssaeami 
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Hot?*v-3r, none of these bands lias wl«*> required envelopes in fact, they all 

shew just a strong central maximum with no side branches.   AH of the other 
-1 basis shown in Fig. 1 tdLtb the exception of those at 779*5 and 10U0 cm 

could, be accounted for as arising from these four fundamentals, nearly till 

being ceisbinations of the infrared with the Raman active rundeaeritals. 

aiede froM the previously mentissjed band at 1666 cm" , which appears to 

be the second overtone of the infrared active .fundamental at 55l» and the 

band at 3335 «•* which is probably a combination of the first overtone 

of this *mm fundamental with tie highest frsqx?;nsy fundamental at 2258 em"1, 

the remaining bands of the infrared spectrum can be explained as binary 

combinations involving one Raman and one infrared fundamental. 

*» examination of tha band envelopes which have a more complicated 

structure than just a central maximum brings out the following discrepancies. 

The only one which shows definite FQB structure - at 1122.5 cm   — Is a 

| combination of the two bending inches at 577 and 551 and should consequently 

{ be of species 2,, with F and R branches only.    2he band at 2l5U»5 caf1, 

which apparently has P and R branches with a separation of 1U cm     is 

presumably due to a TCmbinatioa of the 577 Raman active vibration with 
—1 • < the infrared band at 1570 cm     and therefore of species st^   too oana at 

3335 ea"J', being a combi mtioc of th« fundamental 2258 and the first over- 

tone of 551 would be of spscies £,,,, ana here we have the proper band 

contour if we assume that the weak central maximum is due to an impurity 

in the saupls, namely aathyl acetylene.    However, the P and R branch 

separation of the P and R maxima is about 23 cm" .    Further^.ore this baud 

Has structure on the short wavelength side which could net possibly arise 

<5 jrA3ffi5WMWf .«*a 
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f* from a linear molecule...   In view of all this evidence it mam necessary to 

abandon the assumption that carbon suboxide has a linear structure* 

ibere remains to consider Harsberg's model II*    It is interesting to 

note that this type of structure was recently proposed for an excited slsc- 
10 

troaic state of the normally linear molecule acetylene by King and Ingold   , 

who called it a "plane centroHBymmetrie sig-sag."   'fltds model for carbon 

r-iboxidA requires in addition to the three ifa&an active fundamentals of 

Bpseles a   awntioiwH above six infrared fundamertt«i0fl four of them in the 
8 

plar«a of the molecule (S ) and two out of the plane (\)»   It has already 

been shown thr.t this model is consistent with the observed Hasan spectrum* 

As for the i»frar<9d spectrum, it may be noted first that the four vibrations 
1 

of species Bu may be assigned tr  the same four bands considered above as 
F   ( 

fundament*!e for the linear ra«*iA. Since the model new under discussion is 

I 

a slightly asymmetric top, th3 difficulty about the contours of these funda- 

mentals is removed.    The two infrared bands at 779-5 and IQliO cm     which 

could not readily be accounted for on the linear mcisl can nor be assigned 

as the 4^. vibrations.    %s first of these two has been resolved into four 
~1 rather weak maxima with an average separation of about 5 0»    •    '•'•'he' other 

band is not so clear cut.    It appears to consist of two maxima of medium 
-1 

intensity at 1015 and 1.025 s-ns     and three weaker ones at 3.CS5, 1068 and 

1075, vitfc two stbsr barely resolved shoulders between these two groups at 

1033 and 10lt5 em    .    ITjidsr the available resolution it is not clear whether 

this absorption represents only one. band or more than ono, and a further 

complication may arise from the fact that one of the weaker fundamentals of 

methyl acetylene is ft>um in this same region.    Is view of these uncertainties 

the band is here given a wave number of loUO, this being approximately 

'** the center of the absorption.    'Uie weak abscrptics   ©f the 779.•» cm"   funda- 

1      pern** 
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nsEital may be explained thus*    the vibration is beUevsd to involve an 

out»of-plane motion of the tvo C-0 groups against the central carbon with 

a consequently email change of dipols moment.   A qualitative check on the 

sssigsasnt of these two f undamentals is provided fcy the fact that they should 

be pure pegpendieul&r vibrations with no parallel eowponent sad this seems 

substantiated by the absence of the strong central absorption noted elsewhere 

in the infrared spectrum.   A schematic representation of the vihrational 

mades for tm sig~sag model is given in ?igo 2. 

Ahe fine structure on the short wavelength side of the band at 2386 cm 

has an average separation of about 5.5 cm   .    This structure sty bo inter- 

preted as due to the perpendicular component of a hybrid band, the parallel 

component being represented by the strong central maxima.    If this inter- 
I 
p       ( pretation is correct^ the band in question provides the strongest kind of 

evidence for the non-linearity of   carbon suboxlde,    Xhe similar structure 
ii 
i —3. 

on the long wavelength side of the 3c86 cm"   band, which h«s an average separa- 
H —1 \ tion of about 9.5 cm" , is almost certainly due to tha v^ baad of methyl 

1 acstvlenOj as the positional of the individual peaks check well with those 

! reported in some recent work at higher resolution by Boyd sad Ihompsono 

i '%© irregularly spaced stmctura on the short wavelength side of this band 

fca§ as srsarags 'is?*eing of 23 ca**"'sr.d any-be dus to a combination of the 

perpendicular band at IGuO with the Rsmn band at 2190 cs~x.   Owing to the 

above mentioned uncertainties with reg«uni to the l<)iiQ eaT   band, this assign- 

sent is merely tentative.   The unresolvod background at the high frequency 

end of this structure is no doubt due to the acetylene in the saispi«» but 

^ ih@ ei^ht or sine partly resolved weak mmitm cannot readily be attributed 
•JSJ£ 

tc some other impurity.    In Table n are found the alignments for the 

^§ tafyared spectrum along with tha earlier data of Lord and Wright* 
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On the basin of force constant calculation*, &igi*>r arsd Kohlrauach 

postulated a low tXrequancy fundamental at about 000 ox    .    From the 

analysis of the infrared spectrum give» above it appears that the *M<su<sj<ilon 
If of nvsh a frequency Is uns3Cn5Si*y.    Recently an examination     sf tfes far 

iaffrered region of the carbon anboside spectrum by the residual ray method 

has indicated weak absorption at 192 and 161 cm   .    "Jhis is undoubtedly 

the difference band v„ - v«.   A somewhat stronger difference band should 
- -     =i be found near 275 ea * for »« - v„, but apparently this region was «©* 

7 

inves tlgtt tail a 

As mentioned above two ijiroiiritiss in the sample of carbon suhoxide used 

in this study that have been positively identified are mstsy.1 acetylene and 

acetylene.    The 3v, and 3v, bands, respsctively, of these two molecules 

were found in ths photographic infrared with the rotational otimcture well 

resolved.    In the near infrared region, the fundamental v- of acetylene was 

observed as was also v,, the latter being overlapped by suboxid* bands.   A 

number of ths fundamentals of methyl acetylene appeared including v.,v 

ami vgj »« would be completely covered by the 635 em"   hand of carbos 

Eiuboxide, but 2v   may be present.    The possibility^ that ketene may occur 

as an inpurity in carbon suboxide produced by pyrclytie reaction could not 

be verified in isis Infrared studyj    however, the* stronger Infrared bands 

of ketene lie near regions of carbon suboxide absorption and moy be obsoure<?.« 

In the first Raman piste, the line at 1127 cm ~ may ?ja the ketene line 
13 -1 reported by Kopper     at 1130 cm   , but if this, is so it is not cl©%~ why 

the almost equally strong line at 29#0 ca    was net ;;bse?wed.    Since the 
-1 

doublet of medium intensity reported fey Lord and WjrLght at 909-oo9 cm 

was not found in this investigation, it Is possibly an imparity in 

sample,    Tim sssss inference may be drawn scheming fhe jp=©up of b=a<a* 
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-i they observed at 1760. 1850 and iyoO cm   , to which there corresponds In the 
If -1 I > tMPABfiKt  ntiiiov  onlv a vnrv w«ijk- ahr^irntion aa&r 1770 em present etvay only a very we«k absorption near 1770 CJ» 

Discussion of the Molecular Constants 
3 

As pointed out ty Lostl and Weight,   if the carbon suborlde molecule 
-1*0       2 

Ui lijwar it n»*?t hsv/« a moment of inertia of about 3S'0 ^10     g cm $ 

and this would give rlee to a asptiratian between the P and 8 branch Faarlwm 

of a parallel band of about 11 cm" .    Their failure to observe such a band 

was attributed to the low resolving power of their spectrometer*    Sines the 

Perkin-Klmer spectrometer employed in thti present study can resolve bands 
-j. separated by one wave number or a little lees' ia;:the neighborhood of 2200 en 

the failure t© observe any splitting at sll in the 2258 cm"   band might Alone 

be taken to indicate the non-linear structure of the molecule.    The cwbioation 
h 

besss v  * v- and » * y_ on either side of the fundaaenta? *6 do exhibit 
Si 
i a splitting fruggestive ox P and R branch envelopes, the separation of the 
h ,      -1 
I maxima being 23 aad lii cm     respectivejy,,    This latter value is fcowevar 

sxtremaly dubious because tho position of the supposed P branch of ties 

band coincides with that of a strong band of ratbyl acetylene, and also 

the strongest infrared band of ketene falls in this same region.   As pointed 

I out above, the strong sssxisa of the 3335 cm     band have a separation of 

! ?,bn. t 22 sd   9 which agrees well wife the value observed *"or the band at 

ZJQQ  C«     6 

On the short wavelength side of the v, • v7 bsujd the group of weak 
-x subsidiary bands ranging frost about 2hk0 to 2k?0 oa     has an average separa- 

tion of about 0.5 cm" .    Taking this band envelope to represent a hybrid 
a 

band of/slightly &sy«Ketr±c top, this separation to a first approxiraat&on 

** is given by 2{Af-B*)»    Since the value of B (or C) for carbon suboxide is 
-1 

If*     of the order of • 07 cm , we can soaipiite a value of AJ f.*ae thia band of 
"•* -1 -hO 2 

about 2.7-an  and I as 10*2; x 10  g cm c One most recent elsctres. 

rgj-nrra rrrri—' fKTirf T-HTTT" wnajfini—i~imiM   i IKHIIMJIHIH iimi'i'i      ii    i    mi iiiiim 
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g 
diffraction B»aauraiwntB of carbon suboaride by Mackl© and Suttee" give the 

G-C aal 0-0 distances as 1.23 «u*l 1,19 A respectively,,   Applyiog these 

valuae to the centre-symmetric slg-zag model discussed above* which seems 

required from the speoirographic evidence, w© obtain a value for the 0-C-G 

angle of 158 •   While these authors do not consider this model, they do 

discuss the possibility oi a non-linear model of point group C_ (Heraberg'a 

model III).    For such a structure they conclude that the minimum value of the 

O-C-C and 3-C-C angles consistent with their data is 170° for each angle. 

A comparison of the apectroseopic and electron diffraction data can be made 

even though two different models are involved by computing the displacement 

of the oxygen ato« fras the G-G-G axis for the e@;airo-syfflBietrie model.    For 

an angle of 158° this distance is <,kk A6    From the electron diffraction 

data the c ox responding distance would be .1*3 A.    Jsren though the electron 

diffraction values quoted here represent only one interpretation of the 

£.%ta (Hackle suid Sutton prefer a linear model), the agreement with tne 

- "•»-"'1     - »*» #-*&-<*•" -5w-^; - % -4#&tU^ 4^^iP^.-«:*w^;« **iKi •   -'•-    •-. 

I 
1 

spectroscopic data is noteworthy. 
•\ 

the evidence on molecular structure that can be obtained from the two 

bands in the NaCl r-egion here assigned to the A   vibratiuiil species is less 

satisfactory than that Just discussed.    In the I0uO cm"    band the apparent j 
i I 

separation of the peaks ranging from 6 to nearly 15 cm * with an average I 

value of 10 may be due either to incomplete resolution or the presence or i 

an impurity.    '-The four partly resolved peaks in the weak band at 789*5 cm" | 
-1                                           ' 1 have an avaraas separation of nearly 5 cm    , and since this is only a I 

little lass than that found in the combination band at 2386 cm " it would I 

eseiE to provide some support for the structural analysis giver* above. I 

Ahe photographic infrared work yielded no results that would providg > 

definite information about the s trust or© of carbon suboxide.    The only 

conclusions that can be drasra from the few weak lines obtained is that J 



-    12   - 

there was noth-tag to Indicate & linear structure for tho ssf)l«em« and A slight 

suggestion that the spectrum could be due to an asymnstrio top.    It is hoped 

in the future to study the partly resolved hands which give sons insight into 

the structure of carbon suboxicls under higher resolution. 

*ni* author wishes to express his great indebtedness to Professor D. H. 

Rank for such assistance in preparing the compound end taking the spectra as 

well as to his fers&r colleagues*. Dr. R. S. Kagarlse of the Naval Research 

Laboratory and Dr* £. R. Shull of the ifeR^grcb laboratories of the Linda 

Air Products Company, 

i 
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Tibia X,   Raman spectrum of carbon suboaide 

v vao Description Assignment Eagjsr and 
Kohlrausch 

«»"1 . CJS " 

577 su                  Dsipo V3 
CAS V.S.j b.  P« V2 81*3 

1351* V.                  Ps 2v3 1176 

2190 So                        P. Vl 2200 

Spurious or doubtful lines on first Raman plates    335  (•.».) 

(Me Ac)f $\S (w.)j 108U (v.w.)j H27  (m*)  (ketene ?)| 1381 (w.) 

(m AC)$ 16U2 (v,w,)l 2132  (v.».)   (Me Ac)D 

AobrP?!*ta.onst v«o., -., =».« «»•, *.«o, «., «^-^», -.  —„ 

'^^^F^sKsi^swfgaBi^saWKSg .._,  i    <.,#«-»«•">•»» •—.. 

strong; strong, medium, weak, very weak, broad, depolarised, 

polculzod, respectively. 1 
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Table H0    Infrared spectra of earboa auboxide from 2*2 to 20 tA6 

»*a (ebs)      Xnte&aity       Aesigruseut /-,-1«\b 
"vacv,***%'/ 

on 

635 
77?.S 

10l»0 

121^.5 
1375.5 

2570* 
us**0 

1770- 

2ibU.5 
2256 
2386° 
22670 
5*738 
2828 
281*0 
3086 
3335„ 
37S6f 
380r 
W*5 

v.s. 

8, 
W • 

Bo 
su 

8. 
a. 

8. 
V.6c 
3, 
Wo 
w. 
w» 
w. 
a« 
aD 

do 
• e 
IB. 

v9 
v8 
v5 

v3 * v9 

v7 
3vl 

v2 
V? vl 
*1 
v3 
v2 
v6 
yl 
wl 

¥6 

2fc„ 
v9 
v8 
v6 
v6 

A, 

cm -l 

XJ.20 
1212 
1379 

1653 

21k7 

23?8 
26?2 

2625 
2835 
3086 
3360 
3760 
3856 
Utl.8 

Lard and Wright 

en 
5U* 
557 

637 
77? 

9 
909 

102U 
1126 
122$ 
1387 
iii?o 
1570 
3670 
tyCn 

1850 
1980 
2190 
2290 
2140 

3150 
3380 
3790 

k$90 

Abbreviations* v.«.» s>- m-, w., r.v.* • very strong, strong, radium, 
weak, very voak, reepeotive2j, 

**   Neglecting affect of «iharaonicity. 

c   Band obscured or distorted by atmospheric absorption* 

%m m      !  f--ssssu*ss?w -«»s»»w*r4*ws:aa^ss^ •---.-».--: -a— -~ •- 

ESnfiSw^rcMiaii'S 
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'0 ^^ I IMITATION m THE PRECISION OF MOLECULAR CONSTAMS DETERMINH2) WITH A 
cr 

JJJg^ mFFliA'-.TTON GRATING ' 

"The Pennsylvania State University State College,  Pa„ 

Harrison, Davis and He berteon   have recently dlscnsssed the measure- 

ment of wave.length i*ith gratings,  eohalles and intarferoneters.     These 

authors have shown that due to ^nj^ing errors precision of wavelength ! 

measurement much in excess of 1 part ?JI 10   is not to be expected for 

diffraction gratings.     Ihe spestroscopic literature has shown vary ex- j 

tensively thti unreliability of ^ratings  to produce wavelengths with a 

precision much in excess of 1 part per million* 

Z * is^oently    w-,3 have obi-slned moasuremanta which give some quantitative | 

• ?.daa OJ? the affect of this lack of grating precision upon molecular S ! 
1 
? 

values obtained from gratings I 
j 

if we specify the {liability of a diffraction grating to measure a 

wavelength correctly by k *  ak/k  'ihe arrcr in the frequency of the 

measured line will  5e dv •  -lev*     ftie maximum en'or introduced into a 

A9F from tids grating e.rroi 1.131  ?e + 2.<cv,. 

It is necossar/ to meaavre a relatitely large number of band lines 
i 

to obtain B values for molocvl«r .states since Dt,  the centrifugal cor- 

rections must be determined simultaneously with the determination of B, 

In the cornplete measurement of a band it is certain that the worst 

•It ;at:,.on with regard to the uncertainty of wavelength measurements is 

highly improbable,,    Since the intensity of the c-and lines will vary 

frcir. ,r « Oj, reach a masimun at  =0:"° J val^ue and decrease to some value 

*?**• at maximum -h  the stiiti traatmant of this problem becomes vex-y complex,, 

gpsKS^^s89*^*19*^^ 
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It is quite cei-tain that the *?a?3.'<mp,fch uncertainty fron the grating error 

will be a function of vhe line Intensity,, 

We san assume to a first approximation that  t.h« B value will be in erro: 

due to grating imperfection by an anour.t related to the maximum error 

intr-oducad into the largest rosrisured 6JF 

Io the aloTQ mentioned iipr.rc.xi.nit.tioj; wa era writs 

A   ^r>       .    .1 A    ir 

£  t 4   1/   ., 

U(J*l/3) '(J+V2- 
U) 

.*- 

where Bf is the true B value,  J the maximum -J measured and dR ths srror 

introduced into B duo to the  in&biii ly of the  grating to measure wavelength 

precisely 

Inspection of equation i shows that using gratings having identical 

k, dES decreases linearly with wavelength for cons'iant J.    Fit'thermore the 

loi ,5 waves ar<; even more advantageous since the Jncp^aseil absorption i'or 

bands at longer wa-re lengths aiioKH higher J value .3  to be reached 

ihe strictly interfsrometric aaasuramenta cf  Rank, Shearer and Wiggins 

for B        of HCN yield a value fo2' this constant coronlete'iy  consistent with 
000 

«11 values of the velocity cf light determined by bir* modern optical and 

mienjwava ra-rthedSo 

Yhtj earlier grating measurements of S        cf HCN by Rank,Ruth and 
.,1; 

Vander Sluis yielded a value of B        larger by  (dB"'7 x 10    ).,     These 
000 

grating measurements were made with one of the 3!ot?t perfect gratings in 

existence aad calculation from aquation 1 showi  chat k for   this  gratir.? is 

approximately 2,.$ -> 2-0    =    £f<r?i;>us to  the t'ork r.t-       u-   H I"-, tii .. nJ Vauder 

Sluis    attempts were mad© to measure   E>        fcr HGN i»i':,h a plane pr«.tine 
000 

which KaS much tora  imperf&et.  Hian  the  ''Tuxedo5'  gratix^       The   sB ont^l-eci 

..   4i •-•? Wi>!   - j x 10      which shows a k for this f-rating ;>:   10 *. 

•swww^WSWWBraw^-^s^wSs'eV's'as..^-';-.       •.:,.; ,^g^«i^vi;:KS-,-*s«£«afe^*«'^«**s'!c; 

yT~.««l <aw»~-a—i-mma*——M—g .; 



-3- 

It seams rather certain that the better gratings will hz'/e a k 

which varies between 2 and 5 x 10     for different gratings ;. which 

seriously affects the apparent precision of b values determined in the 

photographic infrared unci of course becomes worse whan shorter traveler .u> 

are used,, Thus in the photo,graphic infrared in addition to the statistical 

probable error due to tho scatter of th>i experimental point?,   the 8 

ya]_iio« ds r-er^ir—d b-17 a •*"?** ^-'xxiR ^.rs   iilci. '~*  tc be in srr^-r b/ —n ^dditlcQiS3 

i x 10" *• or greater due to the in.po.~fac tiona rf the  jf&ting itself 

Ss.«»f:'«K'?:«'^wwW5*MSWSM' J29gBOMtj^)ilSS9B|B@HHIHSr"PWJWIMiir~Tiii""— S SSrtsSSSs 

1 
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1„    George R, Harrison,  iimrer P.   .D*\vie and Hug]   8.  nobartson, J,  Opt , 1 

SoCo iUKo U3i 85.3  (19 ?3) ! 
I 

?„    Do Ho Sank, Jo  N. Shearer and J, A. >u.ggii<s,, Phys    fi&vc In Press* 
: 
I 

3,    D.  H.  -rtank,  ii,  P. Puth i^id K„  L.  Fanriar Sluis,  -ra  OpL.  Dec.  Am, } 
.V 

U2, 693 (1552)« i 
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PRECI§S$N DETERKIHATION OF THE VELOCITY OF LIGHT DERIVED FROM A BAND 

0^ SPECTRUM METHOD II * 

r-~   D. H. Bask, Jo K. Shearer and T. A. Wiggins 
Tbs Fenliaylvania State University State College, pa. 

Abstract 

Q bo 
rotational constant B  for HCN has been measured using the ooo 

Method of Exact Orders for the 002 ijofrared rotation vibration absorption 

band.    Una value obtained is i0u73235 ca"x„    Combined with the microwave 

measurements by Nethercot and Elsin of the same constant in pure fre- 

quency unitss § value for the velocity of light, c • 29978908 i3o0 tan/sac. 

is found.    The change* in the apparent thickness of the Fabry Perot 

interferometer Fith wave Isngth due to the phase shift in iha gnS, 

j£ MgFg, 2nS coat«»t) plates is discussed and the experimental results cow* 

pared with the calculated values0 The rotational constants SV=C.01003L 

and t33ffi 0.00Ql8a es" wsrs also obtained with the aid of other inter- 

feronetrie resultso 

This research was assisted ,by support from Contract Nconr-269 Task V 
of the UoS0 Office of Saval Research* 
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Ihe Method of Exact Orders which we have recently described makes 

possible the determination of molecular constants with a precision hitherto 

unobtainable in optical apectroscopy<> In the present work we have rede- 

termined BQQQ for EGK in order to dete-vmine the velocity' of light by the 

2 
band spectrum asihod described by Rank, Ruth and Vender SluiSo 

In our preliminary work with the Method of Exact Orders a wave length 

sensitivity in excess of 1 part in 20 million was demonstrated. However. 

considerable difficulty was encountered because of the change in length o." 

the interferometer spacer with temperature„ In addition, the PV work 

accomplished in changing the air pressure during the "tuning" process 

produced deformation of the glass plates of the etalon, which is equiva- 

lent to a change of the etalon spacer,, We have largely rectified the 

above mentioned difficulties by replacing the glass interferometer plates 

by plates of fused quartz, and also replacing the braes barrel of the etalon 

by a barrel constructed completely of invar3 

Absorption measurea-ants were made using a path length of HCN gas of 

three meters. 'Ihe pressure of the gas was regulated so as to yield toned 

1 
patterns similar to those shown in Figure 2 of our previous paper„ Tts 

pressure used in these measurements varied between the limits of 1 to 10 mm 

of Bg of HGN gas. HGK is a notorious substance with regard to pressure 

broadening of its spectrum lines. We have not been able to detect any 

wave length shift of the HCN lines with pressure despite the sensitivity 

of our Esthod. For some reason, ihe cause of which ws are not completely 

certain, the fringes produced by our apparatus are slightly asymmetric 

This asymmetry produces a pseudo small wave length shift if a3&surements are 

muds at widely different absorption levels., 3hus it is necessary to compare 

\-.:.';-—;•;•-•<'. •'.'• ,,i"*'^:^-;'.s !l ^mRg&$&&^^'K Z?&&xii&fc*-- :•-:'••• •'-''  \**' 
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"tunas" At *,ppr©xis»t*3y the sans percentage absorption to obtain the most 
i 

precis* r»asur events of wave length interval! ss i 

Determination of Phase Changes 

The quarts interferometer plates Mere coated with triple-layer , 

dielectric filsa of 2nS, flg*'2, S^S of a X/U thickness at 17,250 k, \ 

SiTce no precise absolute wave lengths are known in this region of the 
i 

spec truss the Method of Exact Orders can not be used for determining 
I 

the integral order of the interferometero    We have calibrated the integral 

order of the spacer by making use of second order neon lines using the j 

method of exact fractions as described in our former paper,      phase 

change on reflection which occurs with the di«lact,ric films is large 

and varies with wave length.    Fortunately the variation of the pha«s J 

change with wav« lasgth in these films can be calculated with considerable 

3 - precision making use of explicit forraulae given by Leurgans"' as derived I I 
from electromagnetic theory. Making use of the variation of phase with 

wave length as calculated, corrections are anpHed to the observed \ 

fractional orders so that the integral order of the etalon can be chosen • 

using the conventional aethod of exact fractions. j 

- Via can determine the phase change versus wave length curve experi= | 

Mtmtally tu higher precision using the method described in our previous j 
1 \ 

paper.  This method involves obtaining the integral plus fractional 

orders for a number of different wave lengths using two different inter- 

ferometer spacers. We have used a 13.19 and 5.95 mm spacer for the 

phase determination. The longer spacer Has used for making the frequency 

measurement on the band lineso The ratios of these measurements isads 

with the two spacers using the Keihod of Exact Orders can be uaed to 



» 

derive the variation of phase with wave length for the interferometer plates 

being used.  The :ratios obtained are plotted versus wave length in Figure 1„ 

In Figure 2 the theoretically and experimentally determined phase shift 

has been plotted versus wave length» The agreement between theory and 

experiment is very satisfactory since uncertainties in the fil» constants 

(thickness and indices) might well account for the slight differences 

observedo In any event the correction which mu3t be applied in the 

present work is small since the interval of wave length covered in our 

measurements is only about 350 Angstroms, ^he magnitude of the phase 

shift versus wave length correction can be expressed as amounting to 

about 35 km per second in the valociiy of light determination, in a 

direction so as to make uncorrected aseasyreinents yield a value of e 

too smalio 

OBtermination of Molecular Constants 

Is the absence of perturbationis the frequencies of the lines in a 

rotation vibration band of a linear aoleeule are given by  the well, 

known expression 

v » vQ +(B«+B
B)m • (B»-B,c-D»+D8s)m2 -2(D^Bs)m3 

-(D«-D")mU *.. (1) 

where vn is the band origin and B and I) have their usual significance., 

n takes positive integral values for R branch lines and negative integral 

values for P branch lines. We can state as & result of our work that no 

perturbations in the lines of the 002 band of HCN occur which are of a 

magnitude greater than a few ten thousandths of a wave number, which is 

the lisit of our precision. 

Ihe following four equations ejqpress relationships which arc useful 

i 

* .JUMIWW1
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(2) 

(3) 

00 

(5) 

•*i»^ 

for determining the constants of (1) above0 

R(J-1) - P(J+1) - AgF'^J) • (iiB*».«6D") (J+1/2) - 8D"(J+l/2) 

H(J)  - P(J)  - AgF'(J) • {iiB«-6B')C,/«V2) - 8D«(j*l/2)3 

R(J-l) * P(J)  - t+(J) - 2v0+2(B
l-B»-D»*D")J2-2(D»-Dl,)j'4 

R(J-l) - P(J)  -^_(J} • 2(B«+B")J-1*(D»*D,,)J3 

For the purpose of the determination of the velocity of light by 

the band spectrum jrathod it is oniy necessary to detersdn** the con- 

stants B" and DM of Equation 20    Experimentally this singly Involves the 

determination of the frequency intervals of the line pairs designated 

by Equation 2, Ahe measurement of R(J-l) - P(J+1) however involves 

line pairs of considerable intensity difference especially at the 1 urge 

values of J which are necas?ary for precise evaluation of the molecular 

constants, when measurements of in-ervals are isade on lines of considerably 

different intensity the precision is much reduced under practically all 

circumstances. In the present case with our method this error would be 

particularly vicious because of the slight fringe asymmetry*, 

Inspection of Equation 3 will show that 3' and D' can be obtained 

by the measurement of line pairs of almost identical intensity*, Equation 

k  shows that B'-B" and B*-Bn can also be obtained frca line pairs 

having nearly the same intensity* Further reflection will chow that 

Equation h yields one more decimal place for (B!-B"-D'-D") than is 

obtainable for B' from Equation 3 when high values of J are useds It 

can be seen that R(J-l) + P(J) - 2vQ increases proportionally to J
c while 

R(J) - P(J) increases proportionally to J * 2/2* T^s favorable situa- 

tion with regard to the ^A(J) plot can be strictly taken advantage of 

with the interfsremetric sathoda From the preliminary measurements of 

u      5 
Douglan and ShariBa arid iosv the barri origin of the 002 band has been 

•l^«y;!S»vra,J.<^'-~*WK.''.~J•K»^ ...•.-.>•'.,.•.«-•-:..:    -it. iteeiiziimsiPl*..,.   .,.'.",J, "•';.*•,.-».-L,v;.j(B,::.s«d 
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for ths purposes of this investigation 3et by definition as 65l9»6Ao8 ctm 

in vacuo<> Douglas and Sharna quote a -^alue of 651?«65 ea" and Yost• 8 

value is 65i?068 cm . The defined, v yields a value of 65l6.?0J>,3 cm 
o 

for P(i) when combined with the known preliminary value of B". P&) 

is then used for standardising the interferometer and ssessurersgnts of the 

band lines thus are made interferemetrically with reference to the band 

J vgin. Likewise it cart fee seen that a constant determined from Equation 5 

has less than half the precision of one determined from Equation 2 or 3„ 

Calculations show that an absolute error in the band origin frequency ••rill 

-U  -1 
cause an absolute error in ths largest AgF' of 2.3 x 10  cm  for each 

0.01 cm  absolute error in the band origin. 3hus each 0*01 cm  error 

in band origin absolute value will cause an error in c of 0.1*6 km/secQ 

We feel reasonably certain that the absolute value of y we have chosen 

is correct to +0o02 cm"1,, 

Because of the much more favorable experimental procedure the major 

effort in this research was expended on the measurement of line pairs 

yielding 4F»(J) &ad94(J}« Measurement* were also made on &J?*(j)  but 

as expected the scatter was much greater whish would give them little 

•••'-.aiistiesl weight compared to the other measurements. The data were 

treated to least squares in the manner described by Rank, ituth and 

2 
Vandsr SlulSo  The results of the least squares treatment are given in 

Table I0 

The smallnsss of the residuals shews that it would serve no useful 

purpose to include the conventional graphic plots sines the points lie 

so close to the straight line that on the scale usually printed ths 

scatter would not be apparent. &GP*(J)  results treated to least squares 

yielded BM « 1.1)7825 and D» - 3o0l x 10". However, these results have 

••- -:. fiartBW^^^^** '* 
- setruro saJKsaffflBSSeKfflKJaaftftg ny,., •<... . ;;.•: .. •-. .-.-.• -„• _- .... ^fc^P^ttfc&jjj^,. ^jjS' tgg -;• jjjfi^fe£^%S*ftpils*Ss ijj********^ 

mmgtmam^mmsBmammmmBmmmBmmammmmmBa^mimm^^ 



* 

f.^» 

(7\ 

little statistical weight since the scatter of the points is such greater 

than the results given in Table I. We shall quote as our final result 

-1 
tfls values of the constants derived from Table I in cm  in vacuo, 

-6 
B» - l.U570?3 D« - 2.89* x 10 

c 
B* - loW8235 D" - 2»97$ x 10*° 

Determination of the Velocity of Light 

When w® combine our result for B*° with the newly remeaaured 0^1 transi- 
6 

tion in the microwave spectrum by Nethereot and Klein,    i.e, B" - 2D" • 

Ui,3l5<.800 £.010 ac/sec, we obtain c- - 299,789.84J.O fcv'sec.    The value of 

B* microwave is hk,315.978 ±.011 ms/sec. when the D" correction is made by 

means of our newly determined Dn value„ 

Sines our measurements are made essentially with the interferometer in 

vacuo no appreciable error is involved due to uncertainties in the index of 

refraction of air-    (u-i) for air is made use of only to determine the frac- 

tional order and we must use only from 1% to 2051 of this quantity for our 

purpose depending on the fractional order.    We have used our recent determina- 
nt 

tion* at 1.65 it as the value of (n-1) corrected by means of the dispersion 
7 

formula of Barre.ll   for the proper wave lengths 0 

The probable error can be considered to be derived from the following 

sourcesi 

Microwave w • £0,10 km/sac„ 

Absolute Value of Band Origin • ^0.90 ksq/sec 

Phase Change vs0 X   » il.GO km/ma. 

Statistical   •> *1«,0C ks/eec. 

We have included i® Table II the frequencies of the lines of the 002 

band of HGK calculated from the final values of the molecular constantSo 

K« have only tabulated lines which were used to deriv® the molecular 

i!3TW''-V'' rvmmK*•im'*^m*jmmexm»^$!SiUJt£s>. a*E» •:.> ..,;. SSS^S*sa«Ng»'   •i;'''  "•A>^aW«Sa«i.!Wiw«*"' - 
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constants fcince we are certain that no significant perturbations occur in 

these Unas.    These values are only accurate rsaltive to P(l). i<.en 

*.02 cm"* in absolute value.    However, there is a good probability that the 

absolute frequency of P(l) can be improved by at least an order of magni- 

tude in the near future. 

Determination of a? 
ii  ii   i ii    ii •    • inn  Im ' 

The By values for a linear triatoraic molecule can be expressed by 

the equation 

By-Be - 03(^1/2) - Y33(V+V2)
2
 • ^(og) * f,,^) (6) 

Let us deal with the progression of bands 000-00X.    It is easy to see that 

so-Bv -=,.«-. „   a_   +  Y^(T+1) (7) 

We have plotted the available data .for this progression in Figure 3o 

The points for the 002 band and the 00k band are the results of interfero- 

metric measurements and derived from band origin plots, i.e.^  (J)„    Ihe 

method of R„ fi. 7. is onJy a pseudo-interferozsatrie method in that the 

major burden of the w&va leugth measurement falls upon the ability of 

the diffraction grating to locate the center of Um lines,    Ihe inter- 

ferometer merely furnishep «?l«se2y spaced, very aoeurately known reference 

wave lengths and provides some slight additional help by means of vertical? 

dispersion,,    Ihe valus plotted for th» OCi; band also Agrees with that 
k 

obtained by Douglas and Sharma0        xhe double point plotted for the 003 

hand in dam %o measurements of Douglas and !»!»rr.%      The upper point is 

the one given by the B' value obtained by them-    The lower point ss hairs 

obtained from a bznd origin plot xsade from the data given in the paper of 

Douglas and Sharma,,    ihe points for the 005 and O06 bands ware again 

gaJSlLBMBWgW—ffl—sa 
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obtained from band origin plots of the data given by QouglAS and Shars??^ 

*.?d arc nuoh less precis than the other points cSus te weakness of the 

bands and their location in the spectrum.    It should be stated that the 

spread of the points for the 003 band is veil within the error stated 

by Douglas and sharaa for their determination of B'.   Me obtain 

f33 
oy>0.01003^* Y^'OoOOGiS^ expressed in <m~   as the valueeof these 

oonstantSo 

Tt is aov possible te critically review the situation sith r-agard to 
2 

the c de termination made by Rank, Ruth and Vasder Sluis«.      The discrepancy 

between their results and the present result involves a systematic error 

which it was not possible to evaluate at the time the previous work v»* 
I 
i 
I done.> No cthase shift is to be ezpsctsd for the aluminum interferometer 

I coatingso Rr* Vander Siuis (private communication) has rsexamined the 

I -** a interferometer calibrations arid demonstrated no phase shift exists, 
1 
i It must bs remembered that the R. R. ?. eeasuramewts ?.jre grating 

| measurement.    Harrison   has recently pointed out that the best diffraction 

m. gratings are capable of measuring wave length to only 1 part in 10 » 

I It could be presumed that the "Tuxedo" grating is at least as good ar*d 
S 8 
| probably better than those used by Harrison,.      If we assume wave length 

W -1 
! determination .-accurate to 5 parts in 10   for the "Tuxedo" grating in 

Bj 
i measuring the band lines which vary in intensity by a factor of 6, this 

i would introduce a systematic error of • Hi km per saaoMs '-Hie error- 
Hi g 

pointed cat. by  Harrison" shows the futility of using grating sse iaursaenta 

to obtain highly precise c measurements from data obtained ir; the photo- 

graphic infrared,. 

B §|§ Hsiisver, it can be pointed out that this same grating effect of 
SB*? 

1»   ?-**     5 parts in 10 would produce a systematic error in c of only * 3 km 
ill f§ 

'•../.', .;!W! !****• .-•^-•.-'XflVi.^tSi/.^r -.'crt"''~^'^"^'" 
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per second in a band measured at U mioronso 

Ahe value far the velocity of light obtained by the band spectrum method 

as reported here is the same as the value obtained by other methods of 
9 

asftsurensnto 

w„ Ate indebted to Dr. W. F. Koehler of the Michelson Laboratory, 

Iryokern, for helpful discussion concerning the calculations of phase shift 

In multiple layer dielectric films.    We express our thanks to Jean H. 

Bennett for help with the least squares calculations„ 
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# 
Table Ic 

^•<J)-2vQ 

_A AonC 

-802875 

-10.82U8 

-13.6998 

»20614t77 

-22=,3i46l 

-2U.3259 

-26.3932 

2J< 

286 

392 

512 

6U8 

968 

1058 

1152 

12S0 

-6.0913 

-8.2891 

-10.82U7 

-13.6966 

-20.l4ii85 

-22.3U61 

-2li.3?73 

-26.3922 

C-0 

+.0008 

+.0019 

-.0001 

-.0032 

+.0008 

,0000 

+«ooiU 

-.0010 

w 
fr,    O.VJO 

ii(J+]/2) L.M.S.C. 

50        72o8082 

r 
B' - B»—0o 021161)    D • -D"»7. 66acl0~ 8 

81i.l*39li 58 

?6„06l6 66 

107.6772 7JU 

113.U802 78 

125.0768 86 

Hi2.U522 98 

151 ..017 5 106 

BS-1.U5707* 

eij.4393 

OA   nAOI. 

107.6763 

113,1*795 

125.0775 

11*2.1*518 

I5l4o0178 

D»-2e8SL x 10 

C-0 

•cOooU 

-.0001 

^.   nnnQ 

-o0CG9 

-.0007 

+.0007 

-.OOClt 

-6 

Suismary of data obtained in measurements of the 000-002 band of HGN* 

Fl^atgvsncj Intervals measured, ^J + (J}-2vc and ii^F9 expressed in cm     in vacuoo 

-1 Columns 3 and 7 headed LoM.S.C, least mean squares calculated values* cm 

in "<racu©.    Columns headed C-0 calculated minus observed values,    The molecular 

constants ar«. given in cm * in v&euoo 

,-"",:-  ••-  -:«'•- •:-,'.•>    -• JlSiSHiSgmm^vaiVSf '-.xwrvnmt&em;?• CiWWg•<em»e,- 
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Ti,ble 1I« 

Calculated frequeneies in •acw.'im wave numbers of lines of the 00? hsr£ of BDK 

P(i) 65l6o70U3 

P(12) 6Ii8l.lill7 

Al.1l.    I.C-xi 

P(16) 6U67„3315 

P(18) 6U60»Oii53 

P<19) 61i56.3lOQ 

P(21) 6U18.8I06 

P(22) 6W1U.98U6 

P(23) 6i4a.ll8U 

H2h) 

P(25) 6ii33.2653 

6*2429.2787 

R(U) 6551c8185 

R(12) 655U.2198 

R(iU) 6558.8932 

6561„1652 

R(16) 6563.3939 

R<17) 6565.579U 

R(18) 6567.7216 

R(19) 6569,820U 

R(2I) 6573.8680 

R(22) 6575.8567 

R(23) 6577.7819 

R(2li) 6579.6636 

R(26) 6583.2965 

«»g3>»»«<=!««»'sw5'* ^**v*;v^<*f3i.^J-;:^-^*'^i-^.'^PE/,,.;; >- • ••i.ii»i<rS< '-i    :••••"'•;   '  i,.-!-•:.>..#..,;«1.'~'~wi^>»,• 
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Laganda   for   Figures 

Figure 1.    Plot of the ratio Wt, versus wave length X as measured 

for 13.20 arid $.95 ram spacers of the Fabry Perot etalon0 

Figure 2. Theoretically arid experimentally detenained phase shift 

in orders of interference versus wave length for triple 

coated dielectric interferometer plates„ 

Figure 3o    (30-By)/T versus  (v+1) for the progression 000~00X of HON 

l«*SS^^*=**X*^*^[W^•.s-^^^^ *"v**-T"^*'*~='~"''"""'  '"'"T:~*'~'''•**'* »• *' 
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AND RAMAM SPECTRA OP 1,1-DIMBTHILHIDRAZEffi AND TRBCTHILHIDRAZINE 

"This research was carried out under Contract i& ONR»269, 
Task Orders III, ¥, and X of Office of Naval Research 

y I. R. Shull , J. L. Wood3, J, G. Aston and D. H. Rank 

Addresei Tonawanda Laboratory, Linde Air Products Company 
Division of Union Carbide and Carbon Corp., Tonawanda, 
New York 

Present Addresss Department of Chemistry and Biology, Sir John Cass College 
AJ-dgate. England 

Infrared spectra of 1,1-dimethylhydrasine between 700 and I600cm-1 

for the gas phase and between 7O0 and 3500cm""-1- for the liquid phase and of 

trimethylhydrasine between 700 and 3500 cm"-'- for the gas and liquid phases 

srs jTsportsd along witn, the Raman spectra of the two cosipounda. ^requsney 

W assignments are given for both compounds. 

I INTRODTJCTiON 

The fundamental frequencies of 1,1-dimethylhydrazine ?nd trimethylhydrasine were 
I 

needed for calculations of the entropy of their vapors followed by comparison with the 
s? 
If- " calorimetric values to yield values of the barriers hindsring internal rotation about 

the N-N bond in the two compounds. Such a comparison has already been made for 

hydrazine^, methylhydrazine-' and l,2-dimethylhydra?ine°. 

4D. W. Scott, J. D. Oliver, M. E. Gross, W. N. Hubbard and H. M. Huffman, J. Am. Chem. 
Soc., 71, 2293 (194-9). 

5J. G. Aston, H. L= Fink, G. J. Janz and K. E. Russell, J. Am. Chem. Soc., 73, 1939 
(195?-). 

J. G. Aston, J. G. Janz and K. E. Russell, J. Am. Chem. Soc, 73, 194-3 i,1951). 
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II EXPERIMENTAL 

(a) Materials. - In both cases part of the ealorimetric samples vere used. The 

1,1-dimethylhydrazine had 0,01 mole per cent impurity , and the trimethylhydrazlne had 

7J„ G0 Aston, Jo L„ Wood and T. P. Zolki, J, Am. Cliem. Sec. 76, 0000 (1954). 

a 
2.1 mole per cent impurity . The high percentage impurity in the latter case -was due 

BJ. Go Aston and T. P, Zolki. To be published. 

to ths difficulty of ^reparation and a very closely boiling impurity which was difficult 

to remove by fractional melting vith the quantity of sample at our disposal. 

(b)  Raman Spectra. - The Raman spectra were obtained with a three-prism spaetrograpb/. 

9D. K. Rank. R. Scott, and M. R. Fenske, Ind. Sng. Chem., Anal. Ed. 14.. 816 (19Z.2). 

Excitation was the mercury blue line,4-358A, produced by a pair of low pressure mercury 

arcs^ using a filter consisting of saturated aqueous sodium nitrite solution in two 

10D, H. Rani: and J. S. McCartney, J. Opt. Soc. Am. 38, 279 (1948)} D. H. Rank, N. 
Sheppard, and ti. J. Szasz, J. Chem. Phys, 16, 698 (19-4.8). 

•jjj cvlindrical condensers. Eastman 103a-0 spectroscopic plates backed with opaque red were 
it. 
Mr used. The Raman shifts ware determined from measurements on comparison spectra made 

fif using an iron-chromium (staiiile BO otoal) arc with a 20" f/8 camera (giving a linear 
«§£ 
R dispersion of 19A/mm. at A600A.) for the 1,1-dimethylhydrazine and with a 10" f/3.5 

Hi n . i x 
| camera  (dispersion 32A/mm. ax 40OOA) for the trimethyihydrazine.  Qualitative 

Z». Ho Rank, J. Opt. Soe. Am. 4.0, 46^ (1950). 
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1 
depolarization determinations were obtained photographically by the method of polarized 

12 /      " 'i 
incident light  using a 5" f/2 camera"-1 , Exposure time up to 40 hr„ were used,, 

i2A, E» Douglas and D„ H„ Rank, J. Opt. Soc Am. 38s 281 (19/..8); D„ H„ Rank, tf„ D. 
Saksena, and E„ R. Shull, Disc. Faraday Soc, No., 9, 187 (1950). 

i (c)  Infrared Spectra„ - The infrared spectra of the liquid and gas phases of 

the two compounds were obtained with a Ferkin-Elmer Model 120 infrared spectrometer 

which had been modified to the Walsh double-pass optical arrangement-1 ^ and equipped with 

•^A. Walsh, J, Opt. Soc, Am. 4-?, 96 (1952), 

prisms of lithium fluoride, sodium cnloride, and. potassium bromide= The gas phase spectra   { 

T       were obtained with a 10 cm. cell at two pressures, a lower pressure to obtain detail in 

the strong bands and a higher one to detect weaker bands. The data on the two compounds 

! 
are recorded in Tables I and II, i 

i 
i 

III    DISCUSSION | 

In considering the spectrum of Ij.l-dimethyihydrazine  comparison was made with th« j 
11 « 

assignment for trimethylaMne""* when assigning frequencies to the skeletal modes. This is  I 
i 

14 
,T= Oc Aston. M. L. Sageakahn. 0, J„ Szasz, G, 'il. Moessen and H„ F. Zuhr^ J, Am„ Chem„ 
Soc,,, 66, 1171 (1944)» 

:p$ 

justified by the fact that the present molecule has an approximate geometrical symmetry 

of Cc>« and the N-N force constant is not greatly different to "liat ~>f C-C as can be 

seen by comparing the spectrum of methyl hydra zinax-' with that of dimethyl amine. 

15D„ W. E. Axford, G. J. Jans, and K„ E„ Russell, J„ Chem. Phys. 19, 7<v; (1951). 

"*~~" "-"rrnm  g - --      ——a iinmiii ii     •— r*iwimMrr~'~"~B5^rp^a?BS=qfimWi7- 
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Regard was paid to this approximate symmetry in making use of the polarizations as a 

guide in the assignments,  In assigning the NH stretching and bending frequencies 

1*5 
comparison was made vith the spectrum of methylhydrazine J. 

In assigning frequencies to the skeletal modes of trimethylhydrazine comparison 

was made with iso-pentane^-" and when treating the NH stretching and bending comparison 

1°S. C„ Schumann, J* G. Aston and Malcolm Sagenkahn, J. Am„ Clieffi. U,  1039 (1942) 

1 

lc iuff.i-ia «j. oii sym» dimethylhydrsiziiae . 

The assiguiaint Is given In Table III while Table IV gives the explanation of 

frequencies unassignod for 1,1-dimethyihydrazine as combinations of assigned frequencies. 

In the case of trimethylhydrazine there are six unassignad combination bands between 

245S and 2685cm-- in vhe  liquid infrared which do not appear in the liquid Raman spectrum. 

No attempt is made to assign these bands. 

# 

vmrnaxammmmmmm/MaamsButma^mmr? —BM—^BMMW——I^B 
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TARLF, T 

INFRARED AND RAMAN SPECTRA 1,1-DIMETHYLHYDRAZINE 

(Gas) 

1/     I  Structure 

803 (vs) pqp 
[ 904 (s) pqr 
[ OAl m q 
r 1016 vw 
P 1046 vs pqr 

1 1090 m q 

% • 

1139 S 4? 
1153 Branch on 1139 

-' ft.'. •LA-LA- m pqr 

m !-- ., 
1 1301 m pqr 

1457 m pqr 

% 1593 m ? 
• «.. 

Infrared 

(T.-lnr •id) ,< 

Raman 

(Liquid) 

'• 

Id / Structure 43^ 
a 
I 

b 
Polo. Breadth 

282 (w) (p) Diffuse & 
broad 

418 (nO (p) Narrow 
445 (m) (P) Narrow with 

diffuse wing a1 
longer A 

793 S Broad 809 vs P Narrow 
8A8 ? 
944 S Broad 957 V? pp? Diffuse 

1009 s Broad 1027 m P Narrow 

1069 s £3X uau 1061 W PP Diffuse but noi 
too broad 

1140 s ? 1150 s P Narrow        S 
i 

1201 s ? 1212 m dp? Narrow 
1243 m ? 1248 m PP Diffuse but 

narrow 
1321 s 0 

t ±.^£."J ww dc? Diffuse 
w rlr. Narrow        j 

vs 1423 s dp Bi»oad 
  1599 w PP Diffuse 
276A m 2774 ? Covered by Kg  j 

line 
2811 la- 2817 7 P? Narrow blends  1 

into Hg line 

2844 2849 •-S ri Narrow 
2881 v P 

2944 in. 29 50 s T1 Narrow 
w m 

3126 vw 3141 in. P Narrow 
3298 V 3330 vw dp? Diffuse       : 

aww, vw„ m, s, vs denote respectively? extremely weak, very weak, weak,, medium,, strong and 
very strong. 

fyip p?,   "P denote respectively? depolarised, partly polarised, and polarized. 



TABLE II 

INFRARED AND RAMAN SPECTRA OF TRIMETHYLffifDKAZINE 

?•{.'• 

' 

712 

rtrt 
(a 

1007 

1   A. 

1134 

(Gas) 

vw 

vs 

888        vs 

vs 

1180?      m 

m 

Structure 

Brofid 

Infrared 

V 

(Liquid) 

Structure 

Rama-ti 

(Liquid) 

!M r EsiT Breadth 

307 w dp Diffuse 

414 m i'P Narrow 

436 m 0 Narrow 

498 s P Narrow 

688 w 

739 vs Broad - 747 s PP Harrow 

883 v <i* Broad apt 004. m. p , Diffuse 

958 m Sharp 965 m- dp Narrow 

1005 m Sharp 1013 m dp-' Narrow 

1077 m Sharp 108;3 m PP Harrow 

1119 m Sharp 1126 ins • P Narrow 

1165, V 

1189 Dl   • Sharp • 

1212 T!l Sharp 1215 w dp Diffuse 
( ' 

1398 m dp^ Narrow 

1477 1485 Broad 

* 
2458 
2485 • 
2535 
2571 
2593 
2685 

Jv 28^8 s 2858 vs 
A -: 

I 
'*• 

2970 s 2970 vs 
Ssste;-" 

Jfcz TH 

.y- 3092 31 Sharp 3194 HI 

I 3405 m 3405 VW 

f:'"v. aSee notes at foot of Table I 

1448 dP Broad and 
diffuse 

wO 

2987 VS dp Broad 

3032 s dp? Narrow 

ca„3400 m P Narrow 



Table III 

ASSIGNMENTS FOR 1,1-DIMETHILHYDRAZINE - TRIMETHYLHYDRAZINE 

if 
5 Ji 

» f 

1,l-Dimethylhydrazine 

Assignment 

Skeletal bend 

n      n 

Skeletal stretch 

n     n 

n     n 

Rocking 

: 

• 

CH3 

n 

bend 

I 
n it 

I ""2 bsnd 
;- 

' CRj stretch 

NH 2 

«    I! 

Frequency 

418 

445 (2) 

803 

904 

961 

961 

1046 (2) 

1090 (2) 

1139 

1301 U) 

1405 

1457 

1593 

2950 (3) 

2988 (3) 

3741 

3330 

Assignment 

Skeletal bend 

Skeletal stretch 

Trimethylhydra z ine 

Frequency 

307 

-436 

498 

712 

7?3 

OH., rock 

??   w 

fiti bend 

CHo bend 

C'Ho stretch 

8a 8 

1007 

1044 (2) 

1134 (2) 

1168 (2) 

1180 

1398 (3) 

I"'H stretch 

14'/".' \b) 

nOcd (,') 

2970 (2) 

3082 

3092 (2) 

3405 

ti 
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Table IV 

COMBINATION FREQUENCIES FOR 1,1-DIMETHTLHTDMZINE 

s 

I! 

Infrared 
(gas) 

T IT ; 

Raman 
(Liquid) 

2774 

23x7 

2849 

2331 

Combination 

,'itt   .    Ono 

4,18 • 803 + 1593 

1405 + 1423 

2 x I457 

1593 + 1301 

».*/rf«.««.*».».-.«*(. ~w•.tjr•- ,4***fflS±BrJ«! Mt-W^a'N>^*iW»,M#!^^-e^9w^^JwriW»^iys 
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INDEX OF REFRACTION OF AIR IN THE INFRARED 

D.  K.  Rank and Jo  K, Shearer 

TpgffrtaSaE of Physica, The Pennsylvania State University, State CoLlege,  Pa, 

„  OO l 
^^"•A^Jjjepf formula has been derived by Edlen for the dispersion of air 

throughout the entire spectrum. This f crania was derived making use of 

only data obtained in the visible and ultra violet. The only measurements 

available for the index of refraction of air beyond l*Ou are those reported 

recently by this laboratory•>  Wa have improved our measurement technique 

in that greatly improved thermal stability of the etalon has been achieved* 

We have constructed all the metal parts of the etalon of invar and the plates 

of fused quarts• 

New measurements have been raarie of the index of refraction of air 

making use of the method of exact orders. A 13.-2 am spacer was used for 

the plate separation. We have checked our method by determining the index 

of refraction in the visible where precise measurements are available. 

In the visa bla use was made of the Rg green line which can be reversed 

when sufficiently high pressure is used in the arc. The yellow Kg line 

was used as the emission base for one of the I~ absorption lines. We have 

also made index of refraction determinations by a method which made use of 

emission lines from a HglQ8 lamp. Measurements by this method were made 

at X » 1&300A and X^ «• 51*62.3A. A 2.9 mm spacer was used in the inter- 

ferometer for the measurements made with the emission lines* 

The results of our new measurements are summarized in Table 1« Our 

measurements are not of sufficient precision to compete with the best 

index measurements made in the visible part of the spectrum. The measure- 

This research was assisted by support from Contract N6onr-2699 Task V of 

the Un S. Office of Naval Research^ 
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nents in the visible were made only  to serve as a check on the reliability 

of our methous, since our methods seem to have the same sensitivity in the 

infrared as in the visible part   of the spectrum.    Within the limits of our 

error we obtain the index of refraction of air predicted by the Edlen ' 

formula for the visible part of the spectrum. 

In the infrared our saasursments of (u,-l)    x 10   are greater thar. 
s 

that predicted by the Edlen f orsaule. by Q.U3. Our result ia in accord 

3 
with the measurements of Essen for 3 cm waves which yields (u-1; x s 
10   • 273o0^o    Dr. Essen (private communication) infoias us that this 

value should be reduced to 272.8? to bring the measurements into accord with 

spiles! iaeasi3,@mentSo    2he correction is du© to the effect af one of the 
6 

microwave oxygen absorption lines.    The value calculated for (u-1)    x 10" s 
for 3 cm waves from the Edlen formula is 272.55 wnieh makes the measured 

value high by 0*30 with reference to the Edlen formula.    Thus, the weight 

of the experimental eviuoiiee seeRi3 to show that the Edlen formula predicts 

» (}*-l)_ too small by slightly sore than one part in 10CC in the infrared s 

region of the spectrum beyond 1 micron. 

Our experience with the Pabry Perot etalon in making the index of 

refraction measurements of air leads us to the conclusion that much more 

precise .easurements can be made with a modified TVyman Qreen interferometer 

where lower fringe sensitivity must be accepted but very long air paths 

can be used* ins thermal disturbance created in the interferometer by 

evacuating the cell or filling with gas would be negligible in the Dayman 

OL-v<aa  while ia the Fabiy Fsrot this thermal effect is large and hard to 

eoispletely eliminate. 
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X Source fu»l) xlO 
' s 

fu-1}  xTn6 

A. Ke&So Gale.Edlen 

5U62.3 Hg R 277.93 277*86 

5ii62.3 Hg25>8£ 277.90 277*86 

5792.3 HgR 277,22 277,26 

15300 Hgl98E 273,67 273»a 

I53i}9 P(1)HCN 273.81 273.21 

1651a R(3)CH^ 273.1*3 £73*12 

No- no+...   * n M.  M - C 

5 

2 

5 

3 

k 

Xl06 x 106 

90U +.07 

oO • .Oli 

.11 -.Oil 

.06 •.1*6 

alb *.6o 

,09 *.31 5 

Average M - C Infrared + ,i*3 x 10 

f»bie io Summary of index of refraction of air measurements. X_ refers 

to wavelength in vacua, Golunn headed source refers to source of spectrum 

line used. Sources. e»g0 Hgl98E, means the measurements were made by an 

emission technique. All other measurements made making use of absorption 

lines. Column $ gives the number of determinations made. Column 6, A.D.N., 

average deviation from the siean? column 7 measured minus calculated values 

of ({x^l)_« AH index of redaction meagierements are based on dry C0^-free s -   2 
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Jl     CD A SIMULATED CHANNEL SPECTRUM 

Phy§ivSLiJSpartment, 'i"he Pennsylvania State University,, State College 
f^ .^^f Pennsylvania 

GO 

I I 

In order to obtain the highest accuracy in interferometrie «a /©length I 

rsgastsrenients with energy integrating devises, ths theory of the Fabry Perot 

interferometer must be extended.    In this paper the portion of the theory 

dealing with the integrated energy in the part of the Fatry Perot ring 5 
i 

system virtually intercepted by a slit of finite length is presented. Ws 

are assuming that the interferometer is placed in parallel light and an 

f\      infinitely narrow band of wavelengths is used. For this situation* it is 

show.i how the order at uhe center of the ring pattern corresponding to ( 

maximum aid minimum onergies respectively varies with slit heighto The 

contrast is then determined as a function of slit height. The experimental 

methods for maasurirag these quantities are described and the results j 

compared with theory. The theory is also exte ided to t!e case of an f 

actual channel spectrum where a finite band of wavelengths is present* ! 

'•:•:•£•< •">-"*••*?'•'• '•^-:---<^.^-^-,-~-••• •-^•"Iji.-.-i.-.iJ 
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A Fabry Perot etalon used in conjunction with a high resolution 

grating spectrograph is Caoablta of producing a sensitivity of wavelength 
. i 

measurement in excess of 1 p-•• --^ twenty miDiun in the 1 to 2 micron 
1 

region of the infrared spectrum.      The conversion of this high wavelength j 

sensitivity into relative and absolute wavelength measurement dsrands j 

careful scrutiny of the theory of the etalon.    In this pape~ we shall j 
i 

treat only the portion of the theory dealing Hith the integration of the j 
I 
i 

energy in the part of the rin.5 system virtually intercepted by a alit of f 
i 

finite length* The problem of ph se shift in the interferometer films as 
I 

a function of wavelength, particularly for multi-layer dielectric films, , 
l \ 

will be treated in a subsequent paper.    In addition, we shall limit our j 

treatment to the case of p rallel li^ht since for the most precise ? 

measurements the slight extra effort necessary to use parallel light is 
i 

fully justified because ox the simplification of the theory involved. > 

A theoretical attempt to solve the problem treated in this paper has 

beei mads by Jaffe both for paraxiei and convergent iiijht. Jaffe's 

treatment, however, involves an approximation in his original integral "' 

so that his conclusions are not strictly valid. When his theory is 

applied t^ wavelength measurements, the predicted shifts in the maxima 

of the fringes do not actually occur, In addition., the visibility curves 

obtained from this t»r©stiasnt are incorrect0 

Theoretical treatment 

Referring to Fig* 1 and nuking use of &he well known expression for 

the distributiou of light in a Fabry Perot, interference pattern, the light 

intensity at any an^le 9 on the detector arising from any point on the 

uniformly illuminated exit slit is given by (in the absence of absorption;: 
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I 

i* x^ ' - • -  <1} 

I * F*W»Y^?*co5 0) 

where I„ is the intensity of the light incident on the etalon which can 

be set soual to unity. F «  T a fc where R is the reflectivity of the 

interferometer plates, t the separation of the plates and X the wavelength 

of light in the interferometer. The total light flux 3^ intercepted by 

the detector 1st 

S, = W I  I, dj « 

where W is the width of the exit slit which is assumed to be very small,. 

Making elementary substitutions we oan write Eq„ 2 ass 

S>  = 2WL   j Ift<j«    +   2WL      lf hw'Q J9 (3) 

i   ' i 
Since the maximum value of §**<)* 01 radian, the magnitude of the second 

integral in Eqe 3 is approximately 10"" that of the first integral and 

hence can be completely neglected,, 

Let us call the phase difference between sucessive interferring 

lint 
beams at the center of the pattern 6 » —r— and 6»6_cos 6 o *'e then 

obtain from Eq0 3: 

s> - -•*£»' | 1—»• -—*-— ^s ft) 
-*   j i »  "*/ "b/    ! 5 » ««*? "yg. 

•-•-..  • -  :J, 
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I 

r 9 P g        9 ^ 1 
where s. = 6„£   , cos 9 « 1-6* and sin 6 *  (1=5""/S    1*     Ean L can be i 

SO" 7? O j 
T 

expanded intc a series anu the integration performed.    The series, however, 

converges »o slowly ttiat this analytic solution of the problem is not I 

useful. ; 

WQ have solved our problem for a specific case by numerical integration 

of Eq. 1.    This process, srhils somewhat tedious, elves us the desired 
I 

information.    % plotting the function IQ versus B for progressively | 

changing orders of interference n   at the center of the ring pattern, n »6 t o o o ; 

and than numerically integrating the area under these curves, one can 

obtain the energy integral S as a function of the number of rings A 

intercepted by the detector ( A • 6s/2n ) e From this data one can then 

deteimine which values of n give maximum and minimum values respectively o 

for S^ for a given A, and also the ratios K » .jfcJB&L for each case,. 

In order to perform our numerical integration, it is necessary to 

know the reflectivity of the interferometer plates and the separation of 

the plates as well as the wavelength of ii^ht used.    Our particular 

intsrferosister plates were coated with \/k films of ZnS - MgF   - ZnS 

and had a directly measured reflectivity of 62*2;? for X 5770 Ae    We have 

obtained the reflectivity which we have used in our calculations in a 

somewhat different manner than direct measurement for a number of reasons* 

We have chosen K « lim-~??^ as fee definition of the MFabry Fm-ot 

reflectivity* of our ataion plates,    K   was obtained by nsaasurJng the 

contrast K for- very small exit slit heights  (see FigD 2) and then 

extrapolating to aero slit height*    The value obtained for R by this 

method of 57.2%„ 

«*v imjr     „ ! 
' 
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The process of usln^. ths reflectivity derived from K seems justified 

in thai the value of R calculated from these measurements should be the 

effective reflectivity R responsible for the intensity detail in the 
m e 

multiple beam interference pattern. The physical reasons for R being 

slightly smaller than the directly rasas 1red R are at least threefold 
1 

First, the two plates have slightly different reflectivities since they 
& *&. 

were prepared separately; second, there is a slightly imperfect figure on 

the iiiterferonstsr pistes; and third, not strictly monochromatic light- w*S 

used in making the contrast Measurement,    me third reason probably had 

only sinall effect since the breadth of the ng I98 lines only btisoms* 

grossly observable when t » 25 mra or greater.    Our contrast measurements 

were raado with t * 6 ias0 

v 'i 

It is not possible to make accurate measurements of the relationship 

between the number of rings A intercepted by the detector and the fractional 

order e at the center of the ring pattern by using a channel spectrum,, 

This is due to the finite resolving power of the spectrograph which prevents 

the light fad into the interferometer by the monochromator from being 

strictly monochromatic. Fortunately, it is possible to strictly simulate 

the channel spectrum using monochromatic lighto An interferometer 

ordinarily produces a channel spectrum if the wavelength is modulated at 

the exit slit. However, the simulation of a channel spectrum using 

monochromatic light can be a«?conplished by modulating the wavelength in 

the interferometer by changing the air pressure*, 
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A schematic diagram of our apparatus is shown in Fig„ 2<, S is v-- 
'1 

oxit slit of the grating monochrooator.    Ihe slit is provided with a d*aw 

slide which allows the length of the slit to be varied at will, thus 

permitting the formation of the desired number of interference rings.    L. 

and L« are the collimating and objective lenses respectively, and P is a 

multiplier phototube whose output is amplified and recorded on a Brown 

recorder*    The position, cf the Fabrj Perot etalon E mounted in a chanber 

so that tha air prBsaurw can be varied at will is shown in Figo 2»    It 

should be noted that E is placed at the exit pupil of the equivalent 

telescope, the objective of which iB the mirror M-,    focussing light from 

the grating, a:id the eyepiece is the collimator L   fcr the interferometer 

in Fig. 2.    At the position E, the area of tha parallel oeam is a minimum 

since all parallel rsys asust pass through this position "here the image of 

the entrance pupil is formed.    B indicates the position of a plane parallel 

plate which is used as a beam splitter to facilitate observations.    D is 

a Dove or so-called vertical rotating prism whose function is to rotate 

the image of the slit through 90", i0e. from a vertical to a horizontal 

position..    The angular diameter of the bright rings can thus be measured 

directly by means of tne spectrometer indicated in the figure by its 
M 

telescope T.    The spectrometer was capable of measuring angles %o 10    of arc0 

Light from a Hg 198 lamp furnished by the National Bureau of Sfemdards 

was used for all measurements,     'The exit slit S    illuminated by one of the 

mercury lines was diaphragmed to the desired length by means of the draw 

slide.    Ahe air pressure was modulated by pumping or allowing air to leak 

slowly late ths staler:,    ^s the modulation of wavelength progressed, the 

recorder indicated the energy present in the interference pattern.    The 

*J 
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maxima and minima could be precisely ascertained from the recorder chart.-. 

#** Cur- procedure was to iinri a maximum or minimum by changing the air pressure. 

Whan such a maximum or minimum was produced, the modulation was discontinued 

and the angular ui&mt&r of the rings uwasured by means of the spectrometer 

T.    To observe the rings, it was only necessary to open the draw slide 

regardless of the slit height- used for setting on maxima, or minima.    3fcs 

fractional order of interference e at the center of the pattern can be 

calculated from the well-known relationship e + p»2t d>    * where  (b is the 
T 

angular diameter of tie interference ring and p the number of bright rings 

counting from the center  ;f the pattern.    The ring diameters could be 

measured with sufficient precision so that e could be- determined to somewhat 

better than 0.01 orderso 

She curve A shown in Fig„  3 gives the results of or;   measurements of 

order e at the center of the pattern plotted against i/he number of rings 4 

subtended by the slit when the intensity id a maximum.    Curve B is the 

result of the numerical integration described in the theoretical section 

of this paper.    Curve A, Figo i>> represents* the experimental result obtained 

when the intensity produced is a minimum* while curve B is again the 

calculated result.    Fig. 5. curve A, is a plot of the measured value of 

the contrast K*-yS.•0* .versus the number of rings A subtended by the slit0 
^>   TOSVJ 

Curve B, Fig. S, is the calculated contrast curve again obtained from the 

numerical integration process0    Fig. 6 is an enlargement of part of the 

curves shown in Fi£. 5<> 

Tha results given in Figures 3-U.5 and 6 shew that the agreement 

between theory and experiment is excellent.    The minor differences between 

calculated aid observed curves are near the limit of experimental precision 

obtainable with the present apparatus.    The relatively larger discrepancies 
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between curves A and B in Fig„ U are due to two main factors* first, tha 

intensity minima are much broader than the maxima and hence the error made 

in modulating the air pressure is roughly 3 or u ti^s that made in setting 

on a maximum. Second, since e shifts much n5"e rapidly with A for a 

minimum, stricter requirements are set on the measurement of the exit slit 

height. In our experiment, a cathetometer was used to measure the slit 

height and settings were made to better than 0.1 mm. For a slit height 

corresponding to one ring, this would introduce an error in a ox 0O05JSO 

It should be noted that the maxima aid minima of the integrated energy 

aro exactly 0.5 orders apart only when the angular subtense of the slit 

approaches zero. The order shifts slowlv for maxisa as £ function of 

angular subtenss. while the minima are displaced very much More. Pig. ? 

reproduces SOES ez the fringes obtained by using mosvchrcniatie U.£ht s,nd 

slowly changing the air pressure in the interferometer, as previously 

described. Ourves A B and C  show these simulated channel fringes produced 

with exit slit heights corresponding to 2=87, 0,99 and C13 rings respec- 

tively. It will be noted in Fig„ 7, curve A that while the shape of the 

fringes Is sosiswhat determined by the rate of pumping, the asymmetry is 

real, and shows up in the same way both when air is let into and out of 

the etalon. Also note that the fringe corresponding to A » 0.13 ring 

is completely symmetric » 

Asymmetry of the channel fringes can eabily be eliminated by arranging 

the apparatus so that only a small fraction of a rin^ is subtended by the 

axit slito Under this condition, tha contrast is also improved and any 

fringe shift of maxima with wavelength is minimized and can be corrected for 

if necesssrjo 

V 
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Application of Theory to the Channel Spectrum 

As was noted previously In this paper, the theory developed is not 

directly applicable to an actual channel spectrum. In order to mathematically 

approximate the real situation in which a narrow band of wavelengths is fed 

into the interferometer by the grating mcnochromator, the narrow band was 

replaced by several discrete wavelengths such that the difference between 

extremal 15333 equalled the band width to be approximated. Then the 

distribution of light in a Fabry Perot interference pattern for this system 

'••as obtained* by Calculating Ig from Skj« 1 for each wavelength and %imn 

averaging all the values for a given 9. When the resulting pattern was 

compared to the pattern for central wavelength alone, it was seen to 

have much lover maxima corresponding to tne bright rings sr.d more light in 

the minima. If tie band to be approximated was sufficiently narrow, the 

resilting interference pattern was almost that obtained with monochromatic 

light aid interferometer plates of a lower reflectivity. However, for 

wider band widths, the intensity pattern could not be approximated in 

this mannerc 

As an example^ intensity curves were ccmputed for five wavelengths 

spreading 0.176 A iround a central component X 17,670 A (choosing an 

interferometer spacing such that the order of interference at the center 

of the pattern was l2ia°30.GO)« The reflectivity of the plates was assumed 

to be 69%o    The resulting curve with the maxima normalised to unity is 

the solid curve shown in Fig. 8. When the apparent reflectivity for this 

£.,,,,   h - o\a 
curve was computed from the relation •s8****1 a  y ",wl%. »  it was found to be 

62.h%.    The curve for monochromatic light- X 17*670 A and this lower 

reflectivity was thea computed a.d is the dotted curve ±u  Fig. 8., A more 

•*» --••-•-*- 
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detailed account of these calculations is given in the master's thesis 

V* of Pisanielio.' 

It is sesn from .the curves that one makes an appreciable error by 

using the appro ximatiwi of monochromatic light and a lower reflectivity, 

Tne percent difference between the arsas under the two cwrvee is 11.2$ 

for A • 0.1 ring and this difference increases with increasing hi giving 

an error of 17.1$ for A - 3.5 rings,    A slightly closer approximation of 

the average curve might have been made by assuming monochromatic light 

and a reflectivity lower than 62„i£o    However, if one wished to obtain a 

contrast curve for a channel spectrum similar to FijiS 5. it would be best 

to start with the Ia        v       curves using enough wavelengths to approximate 

the continuum to the desired accuracy ^ and then proceed aa outlined in the 

thecsy section of this paper.    Uiie *•*&? not dons in our case sines it was 

( felt that the knowledge obtained did not justify the extremely large amount 

of labor involved.    However,  one of the large automatic cemputors could 

easily solve this *ort of problem* 
i 
i The authors aish to thank Dr. T. A. Wiggins and J. N. Shearer for 
I 

their assistance in obtaining the data, Dr. H. L. Krall of the Mathematics 

Department for his help in the analytical evaluation of the integrals, 

and  P, J, Pis&ijiello for his computations of the energy curves for the 

• 

I channel spectrum.. 

K 
I" 



11 

Ibis research was assisted by support from 

Contract N6«rer-26? Ta.sk V of the U.S.  Offioe 

1.    D.  H.  Hank, S.  H, Shall,  Jean M.  Bennettj 

and T. A. Wiggins, J. 0pto Sec, Am. 4|s ?$2 

(l°53)o 

2.,    J. H.  Jaffa,, J. Opt,  Soe. A•. I13, TTJQ 

(1953)«. 

3 = P* Js Piga-nlello, M,S„ *RsaslB, The 

Pennsylvania State Onivarsit^, 19£it (unpub- 

lished) o 



I* 1 legends for figures 

Figure li    Interferometer placed in parallel light*    S    source, L 

colligating lens, E Fabry Perot etalon, 1„ objective lens 

of focal length L, Sg detector0 

Figure 2:    Diagram of apparatus.    S„ exit slit of grating raonochromatorv 

II   and L„ collimating and objective lenses respectively, V 

multiplier phototube, E Faery Perot atalon, B beam splitter, 

D Dove or vertical rotating prism.  T telescope of spectroraetar„ 

Figure 3:    Curves A and B show the experimental and calculated order e 

at the center of the ring pattern plotted against the number 

of rings A subtended by the slit when the intensity is a 

max! mum <, 

Figure U:    Curves A and B show the axperimentaland calculated orders e 

Figure $i    Plot of Lne msasured and calculated values of the contrast 
5 

K »—AJ2S£_. versus the number of rings a subtended by the slit6 
-"A   TIVT1 

Figure 6s    ilnlargement of part of Fig. 5c 

Figure 7t    Parts As B and C show fringes of the simulated channel spectrum 

produced when lha slit subtended 2„87» Qo99 and Q013 rings 

respectively a    Part A she»s fringes produced by modulating the 

air pressure in opposite directions- 

Figure 8s    Intensity distributions Ie versus 6 for (A) monochromatic light* 

and  (B) a narrow band of wavelengths.    For curve A, X •  17,670   A, 

n   * li4,93Q.OO and R • 62„ii%0    Curve B is an, average of five 

wavelengths centering around X » 17,6?0 A with 0*176 A betwesa 

* ' extremal lines and R » 69% 9 

iSissgmitmis&smmm^BSBBimKS 
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C.3 
THE PRCflUM OF PHuSE 7ARIATX0N WITH WAVELENGTH IN DIELECTRIC FILMS'. ixr 

TENSION OF INTERFERQMETRIC STANDARDS INTO THE INFRARED. 

Do H* Rank mud H. S. Bennett 

Department,  Ine Pennsylvania State Universityt State College 
Pennsylvania 

A    purelv in tarfer cane trie mafehsd   is suggested by which knovm stan- 

dard wavelengths in the visible part of the spectrum are used to 

determine new wavelength standards in the infrared.    The jy-oiioation of 

the method of exact fractions, m :   :sureraents made using a Fabry Perot 

interferometer whose plates ar© .  <o& with highly reflecting dielectric 

I'ilESis discussed*    It is shovrs  t*•.•*   the large phase corrsstions 

introduced by these films may be reduced to differential corrections 

if relative wavelength measurements arts r&ude near wavelengtus for ifhich 

the pnase change on reflection is su    A method of experimentally deter- 

mining both the differential correction and wavelengths at which the 

phase change of n occurs is syggastedo 
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r*«r It is well known that the most difficult problem with regard to 

measurement of precise absolute or relative wavelengths is the deter- 

mination of the phase variation with wavelength, produced by the inter- 

fei-omster filns.    Meissner* has given a rather cownplete treatment of the 

mechanics of evaluating these phase changes, which is applicable when 

tha phase correction is ssial? 

Absorption of metal films makes them undesirable for interferometer 

plat® coatings for the infjTarsd region of the spectrum,,    Multi-layer 

dielectric films can be produced which ivava negligible absorption and 

have the desired reflectivity,,    Interferometers coated with these cdelso- 

trie films can be used in conjunction with high resolution grating 

gt spe'istrographs to produce sensitivity of wavelength measurement comparable 

2 % 
to the best obtainaole ii* the visible region of the spectrum 

The absence of absolute interfaroffistrie wavelength standards in 

the infrared is a very serious obstacles to the production of accurate 

relative wavelength measurements which are necessary for the precise 

determination of molecular constants., 

In this paper we shall explore the possibility of making inter- 

ferometric comparison measure meats between "known" lines in the visible 

part of the spectrvss and lines in the neatr infrared.    Our experience 

has shown that the evaluation of tha nhasa eham»«* nn wf mnri m •*«_ 

H w&VAlen£rt.h  rha^antunrLfffciefl   or  the  ami-M—la-mi"  di A1 eet,*!?l£   f{l»«  u4+n 

\ the requisite precision is formidable,, The magnitudes of these phase n 
j changes arg such larger than those produced by silver,, It seems imprac- 

tical to attempt to transfer interferometrie wavelength measurements 
art 

I  m> 
v..t 
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from the photographic region to the 1,,5 to 2.5 n region in a step-vise 

fashion because of the cumulative error which would be introduced in 

determining  the phase correction over the necessarily large wavelength 

interval.    In view of the abare-mentlaned difficulty, we shall attempt 
1 

to show that the direct determination of the ph<nis change vs. wavelength 
fe 

£- function can be made unneee.'jsary,  and that it should only be necessary 

to measure certain film constants and phase change V3, wavelength 

differentials at  the nrttoQV vavrilmcrths. 

Ihsogy of the Interferometers 

We shall consider briefly the fundamental aquations for construc- 

tive interference for a Fabry Perot etalon in which we have a phase 

ehift    (p • n*& resulting from reflection at an interferometer plats,. 

For nornal incidence the equation isj 

NX - x(nt* ^ +Ag) VA; 

where K is the actual order of interference, t    the mechanical separa= 

tion of the etalor. plates, a the indsx cf refraction of the medium in 

which the plates are immersed, 6 the departure of the phase angle from 

n and X the vacuum vravelength of the light-o    If we substitute 

B • N-l, we can writs Eq.   (I) in the form: 

^ A 

It may be observed that the method of exact fractions can be applied 

strictly to Eq„  (2) since this equation is identical in form to the 

equation ?cr the etalon in which tbtre is no phase ahifto    It is further 

^s^^mmmmmm^^^^^^^^^^^m^^m^ms^^^^^^mm^^ma^^^^^ssmm^i 
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seen that the correction to the order resulting from the deviation in 

phase change from n is 6/2K per plate e 

We shall develop the simple theory necessary for the experimental 

determination of the phase shifts in a more general form than in our 
2 

previous paper.,      This procedure is necessary in order to obtain the 

fine detail which can later be made use of to apply the phase shift 

results in a differential manner «> 

JJBT; us consider iwo uiterieroir.aiier spacers 01  msoim.xxaau. Tinicicness 

t, ' and tQ , and t»o wavelengths \. and \n.    •rhe orders of interference 

%v 

N at the canters of pattern-? are ^ivsn, for normal incidence, by: 

IV,   = 

\3 

A, " A/ 

££* =  JLn$L£d&=sk. 
\ K 

A« 

i 

It   IS    Swusjy ,-„- trt f*B* that    d £ ==* de. — de, -** 2^,<?4"~M>; 
T 

change dN introduced by the phase shift is? 

4 A/ =bL.    as    # , _A, 
1 TT v, a 

M I 

The order 

(U) 

where p, • K,/?.. and p_ » N_/U. e    It will be noted that the last sxpres- 

i#^l^^i^^^^?S»i^*^^i^^ia 
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•ft* sion of Eq,  (U) is identical to the pievious result" derived for ds. 

Measurements nude with the interferometer dsal with the optical 

thicimess of ths interfei'ometer spacer,,    It muwt be pointed out, hcws?*?^ 

that in employing tl.e method of exact fractions* the method itself by 

the use of the equation H. X, • 2nt   » 1L^^ *  ... forces the deter- 

mination of the mechanical spacer„    This laist-mentioned equation is the 

only one of its type which can be written so long as   ^ 2: 0 regardless 

of. whether tp varies with wavelength or not.    Only if CP ~ 0 for all 

wavelengths can N and t ba used for N* and t* where nt is the optical 

thickness of the interferometer.-. 

Once t* has been determined^ a knowledge of the phase shift at 

any wavelength X will allow us to calculate X if the corresponding K 

is known,,    Wa shall show in the next section of this paper that 6*8 

cm be calculated for dielectric films with sufficient precision so 

that the method of exact fractions w311 allow a unique choice of N" 

for the different wavelengths.    Once these values of N    have been ob>* 

tained* the fflBCh&nisa of the set of equations (3) and (ii) can be applied 

and accurately determined values of 6 as a function of wavelength can 

be experjlissntally dstermined, 

It is not necessary to use the most general expression (a). 

since a sisiple transformation can be made so that only the 6 will enter 

the phase shift vs„ wavelength function and thus cills 

directly instead of « as required by  (ii).    Letting p* « Hi/So and 

pjj » No/H^ it is easily seen that Sq,   (it) redu* 

..* 

iUv- :~{3      UU 

dN T (£ -£\ V* *nt?Ci 
h ' 

P 
3L a 

\a -& *) (5) 

i 

-i 
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The-, essential process practically used to obtain the bar red quan- 

titles is as follow*!?    the K   quantities are obtained applying the raethod 
\ 
i 

of ajtaot fractions after preliminary phase correction to the observed 

fractional order of interference.    After the integral orders for the 

mricus wavelengths have been chosen applying the method of exact frac- 

uisnsj S is obtained by using the integral N   value and the measured 

fractional ond«r, vide Eq<>  (2)Q 

W© can stussariae the problem of determining the phase shift vs0 

wavelength in the following manner.    First a calculation of a. is mads 

from electromagnetic theory and ccrrsetions applied to the observed 

fraetdonal orders of interference.    The method of exact fractions is 

now applied, whichjj combined with the preliminary mechanical measure 
i # 

merit of tha gpsee*; yields N values tor the different wavelengths and 

servos to give a second approximation to t .. the mechanical length of the 

interferometer spacer, ^he measured fractional orders are now combined 

with the integers obtained from the aethod of sXaci fractions^ thus 

.jiving us the 8 quantities nhich alj,ow the use of Eq„ (5)o The 

application of Eq. (5) allows the phase shift vs. wavelength correction 

to be derived directly from the experimental measurements made with 

two different interferometer spacers. It must be pointed out that Eq„ (5) 

is not capable of giving 3(X) valuss absolutelys  but only the quantita- 

tive measure of the changs of 5 with wavelength, which is all that is 

necessary to measure an unknown wavelength compared to a known wavelength. 

V*- 



_7„ -   , 

Calculation of Phase Change on Reflection for Dielectric Films 

Fortunately the small conductivity and freedom from significant 

absorption greatly simplifies the theoretical procedure for the calcu- 

lation of phase shift and reflectivity of dielectric film*- ssskir.y use of 

electromagnetic theory«    If it were possible to measure the film constants 

with the requisite p:recision, we could rely on calculations of phase shift 

with complete co.ifidonce»    Since *s cannot make these filffi constant 

measurements precisely enoughs it will be necessary to supplement these 

measurements by phase shift measurements and thus solve our problem 

with the theory -3 a guide<> 

Several mathematical methods are available for the solution of 

our problem making use of electromagnetic theory.    The method discussed 

by Muchmore^ making use of transmission Una theory seams to offer the 

greatest sissplicity for the iterative calculation of the phase shifts, 

which seems desirable for our particular problem,,    Leur^ans    has given 

the necessary analytical aquations, which we shall give in an explicit 

xorrn suxuouis xor xterai/ivs cpcxca-L caj_ci^j.s.L-^ons-.-     '"" gsnorax s'^uawicn 

can be written as: /2.1T nSHt   \ 

a ,—~J— 
!5+.« /   +. t J2&.   Y tQY)(^JLIbxil \       (5) 

where 1'«&X when s • 1.    Ifere n_ refers to the index of refraction of 

the sth msdium.    If one wishes to deUu-inlutt y fui- a reflection air 

to film to ai*% the calculation is saade starting with p •» 1 for the 

svfostrata,     Ihe reflectivity obtained will be independent of the direc- 

tion of the calculation but the phase shift is not symmetric except 

.*«•.« "TCSM 
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«g when the dielectric sandwich Is ^ymasetrl©,,    Here t gives the thickness 

of the filia, X the wavelength, and I   is a vector which is a complex 

quantity in general for s>x.    The amplitude reflectivity R   ia given 
8 

by ths expressioni 

I ! R    = £k^z tkdJk 

I 
!: In general R is a complex quantity. The tangont of ths chase angle 

produced at reflection i3 the ratio of the imaginary to real purt of 
-*••- 

R   and the reflectivity it is the product of R   and its eoitplex conjugate<, 
S 3 

Calculations 

The theory of the phase shifts in dielectric sandwiches of equal 

optical, thickness predicts that a phase 6hifi- of fp~7foccurs at wave- 

lengths for which nt • h/h, 3X/<U; $k/h etc.    If Beasursasnts can be 

niade at the wavelengths for which the sc called quarter wave "matches" 

occur, it is immediately obvious that no phase correction is issesssary 

since 54 srA §k are both sere.    Thus ideally for example  if our idsal 

sandwiches consist of films of optical thieJcnese 3k$fh at 5000 A and 

\u/h at 15,000 A. no phase correction tc  the measurements would ba 

n»sessary.    Unfortunately the index of refraction of filming materials 

is not constant with wavelength and it is not possible to make all ths 

films composing the dielectric sandwiches Identical in optical thick- 

ness «    In addition, even if ideal eor&iiiiaiii> with regard to film thick- 

nesses and indices of retraction did hold, it would not be possible to 

roeanure which would fulfill the idealised 

;=r^£'ifeiiif»^£;:-:*s^« 



%! conditions„    However, it should b§ possible to make Ihs necessary differen- 

iial corrections for the departure of our non ideal situation by obtain- 

ing iftfoanation about the variation of phaae shift with the pertinent 

variables in the neighborhood of the match pointss 

In Figo 1 we have shown the reflectance curves A and. B calculated 

for a *nS film on quartz and a triple layer of SnS-MgFg-ZnS on the 

sane substratae    Fig. JL9 cunrea C and D refer to the phase variation 

introduces   sa reflection occurring respectively in the sane liLss used 

to construct curves A and B.    The   following constants were used to con- 

struct the curves shown in Fig* Is ng^y.^ • l<>u!5iiji n2nS M 2'oiB, am 

nMePo " lo35s    The value of nt was chosen to be UX83 A<,    Reference to 

Fig. 1 D shows that 6/2n changes very rapidly with wavelength in the 

neighborhood of the 3X/i« mst-ch point and ?r:uc.h More slowly at the \/h 

match point0    However, multiplier tubes can tw ussd as detectors in the 

visible which are rmich more sensitive then PbS detectors necessary in 

the infrared.    Ihsr-sfore, it is felt that the expariuiantal determination 

of the match point in the visible can be accomplished with much more 

than the requisite aecuracy dictated by our ability to determine the 

infrared match point,,    If the ideal set of conditions imposed to produce 

Fig. i w»r© strictly operable, it would only be necessary to determine 

one o£ the snatch points  t« U;:i>jtiQjy determine 6/ 2?=  for msy wavelengths 

However,  the assumption of constant index of refraction at ail wave- 

lengths is not strict!" ccrrset either for the ftlminE materials or 

I the substrate.    ID, addition nt for the different films cacnot be made 

identical axperlasntally as has been assumed in the caiculation0 

m 
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la order- to make a c&l>ai3atiaa ajore consistent with the actual 

composition of the thin filiis, we have repeated some of the first order 

calculations in the neighborhood of the match points allowing for dis- 

persion and probable inequality of film thickness.    The dispersion 
5 

d&ta, used for 2s»S ware measured by Kuwabara and Isiguro   for thin films 

by means of a photometric BBthod9    Since no dispsirsion date, for HgF2 

are available, an assumption s?aa ffiouo that the dispersion of this sub- 

stance ia identical with that of LiF, which has been measured by Durle0
w 

7 
The value used for xir. for KgF9 sag 1<,3>, that obtained by Rood   from 

measurements on thin films -    The index; data ussd for fused quarts wer@ 
p 

t*i»«n from Sosmaria      all irsdex of refraction data tfers fitted to Gauchy 

disj 3TS±or. forsaulao applying the leasb mean square? technique.,    A-stual 

indices used ssrs calculated from the Gauchy cciiitaxio obtained for tha 

various raaterialSo 

In Figc ? AWB havs plotted the calculated, reflectance curve for 

a triple layer film on quartz for wider the nt values were assumed to 

be identical for the three films*    The match point for the Jk/k film 

thickness was assumed to be 5578 A.    Curve B Fig. 2 has been 'calculated 

assuming the first 2nS film to have its 3\/k match point at 5578 As 

The MgFg film and second 2nS filra have their respective 3X/u match 

points at 5?78 A and 5363 A.    This compound filrs yields a resultant 

match point identical with that of the film used to calculate curve A0 

Unfortunately, reference to Fig» 2 B shows that the match point* i<,e0 

he wavelength where the phase shift on reflection is nt does not 

»cessari2y occur at the same wavelength for which the reflectance is a 



asximm if ths filmss are of unsquai optical thickness*    It should be 

Pointed out that .if ail Silam turs ©f aqual optical thickness the match 

poiat and the ms^AmuM of reflectance occur at tsw sane wavelength» 

It is possible by virtue of the high rtsflectivity produced by the 

»ino sulfide layers to control very closo3y the thickness of ti^se 

layare«    HoweverB the difficult problem in producing such a Multilayer 

film in an ideal condition rests fundamentally on ability to make nt 

nominal for the MgFg film, since the minimum reflectance carve is vory 

much flatter than the corresponding curves for t&o rafleotanoQ siaxiss. 

Since it is only possible to mnasura reflectance maxima and minima 

during the coating process^ each film will have to be examined i« suc- 

cession for ths wavelength at which the maximum or sdniiirass of reflectance 

aeeur#»    Whan this diila. has been obtained, it will thsn bs possiblo to 

calculate the differential phase shift with regard to an ideal composite 

film having equal nominal optical thickness aakii*g ~.;p Its composite layers. 

Ahe disisrtioa of the reflectance curve oceasicnod by nor. ideal 
o 

film thicknesses has previously been observed experimentally by Dufour0' 

Curve 0 in Fig, 2 shows the calculated phase variation as a function of 

wavelength for the two films whose reflectance curves ars A and B 

respectively0    "Within the accuracy of the calculation th« phase variation 

proved tc be identical for the two films in the neighborhood of th» 

Hjatch point 3 

sss have laid the theoretical ground work for the determination of 

wavelength standards in the infr&re»1 with respect tj known wavelengths 

in the visible part of the spectrum by & strictly interferoratric method,. 



It has been shown that dielectric films can be used for the interfero- 

3i»f»+.«T« plate coatings and the large phase correction with wavelength 

eliminated except for differential corrections by making measvreissiii-a 

in the neighborhood of the t»o match points at which the phase shifts 

»re identicals     *he accuracy obiaiasble by this aet-hoQ shoal*! depend 

upra the exactness with which it is possible to determine the wavelengths 

at which the effective maximum and minimum reflectances of the etalon 

pl»t«s occur0   We are not in a position at present, to predict the probable 

error in wavelength obtainable by the method discussed above9 since 

it ..ill bs necessary to prepare two interferometer plates with identical 

coatings in order to obtain tns msxisnsB sensitivity in the determination 

of ths match points., 

**% have presumed in this discussion that uaauuremeiiie will have 

to bg sada in the most ideal manner using parallel light incident on 

the intsrfaressier,,    Ih addition, since it will be necessary to use 

energy jrsaasurin'j devices f cr detectors. suitable corrections will have 

to b£ applied %o the observed maxirr«a3 as has been demonstrated hj Hank 

and Bennett in the previous paper. 

<U 
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H»g#adia for figures 

Fig o 1   Curves A and 3 show the theoretical reflectivity plotted 

vs. wavelength for one &nS film and a triple Iay®r 

SnS - MgF,  - -JnS film on a auarts substrate*    Curves 

G and D respectively show the phase variation intro= 

duesd oii reflection frcsa air to film to air for these 

films0    Constant indices were assumed snd the optical 

thickness of all films was ehosar> to be I4I83 Ac 

Fig, 2   Curvss A and B shot? the theoretical reflectivity plotted 

vs. wavelength for two triple layer ZftS » KfeF, - £nS 

films of ©qua! and unequal optical thickness but the 

saias resultant match point on quarts sabstratso    Oarva 2 

shows the phase variation an reflection from air to 

film to air common to the resultant filsso 
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